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ABSTRACT
The Gazelle Formation of the eastern Klamath Mountains 
constitutes a large part of the fragmentary record of 
Devonian paleogeography in northern California and is the 
only intact record of Devonian tectonics and sedimentation 
in the Yreka Terrane. Therefore, it is an important element 
for paleogeographic reconstruction of western North America. 
Despite recent detailed studies in the Klamath Mountains, 
the role of the Gazelle Formation in the tectonic 
development of northern California had remained poorly 
understood.
The upper Gazelle Formation is at least 1000 feet thick 
and composed of four laterally continuous sandstone units 
that are interbedded with shale, siltstone, siliceous 
mudstone, and chert. Siliceous mudstones and shales of the 
lowermost upper Gazelle overlie dismembered units that have 
been identified as melange. The upper Gazelle exhibits 
progressively less deformation upsection. The sandstone 
units, located in the upper part of the section, are well- 
stratified and relatively undeformed. Each sandstone unit 
is thickly bedded at the base and becomes more thinly bedded 
upward. The sandstones are locally conglomeratic and grade 
normally from coarse-grained sandstone to siltstone and 
mudstone. Very fine-grained sandstones, siltstones, and
mudstones exhibit a progressive sequence of convolute
iii
laminae, irregular laminae, and thin regular laminae 
indicative of deposition by fine-grained, low-density 
turbidity currents.
The sandstones are green lithic graywackes composed of 
approximately 15% quartz, 30% plagioclase, and 55% volcanic 
lithic fragments. Petrographic analyses suggest that the 
Gazelle sandstones were derived from a partially dissected 
magmatic arc. Geochemical analyses of major and rare-earth 
elements and available age data from detrital zircons 
indicate that the sandstones were derived from an 
Ordovician-Silurian volcanoplutonic terrane located at or 
near an active continental margin.
My work suggests that the Gazelle Formation represents 
a series of intermittent deep-sea fans in which volcanogenic 
sediment was transported into a retroarc successor basin or 
into a trench slope basin by turbidity currents. Two models 
are proposed to explain the tectonic setting of the Gazelle 
Formation. The first model depicts a reversal in arc 
polarity during the early Devonian which causes denudation 
of an Ordovician-Silurian arc and deposition of the Gazelle 
Formation onto collision-related melange of the lower 
Gazelle. The second model proposes that the Trinity complex 
served as the basement for an Ordovician-Silurian magmatic 
arc. Devonian eastward-dipping subduction beneath the 
Trinity complex caused the transport of volcaniclastic
detritus into the trench slope to the west.
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1INTRODUCTION
Despite detailed studies of the Klamath Mountains in 
recent decades, the role of the Gazelle Formation in 
Devonian paleogeography and tectonics of western North 
America remains problematic. The Gazelle Formation, in 
the Yreka Terrane of northern California, is the only 
intact record of Devonian tectonics and sedimentation in 
the Yreka Terrane. Therefore, it is a significant part 
of the fragmentary record of Devonian paleogeography in 
northern California. I have undertaken field and 
laboratory study of the northern part of the Gazelle 
Formation to elucidate its origin and tectonic 
significance.
Silurian and Devonian rocks of the Yreka Terrane 
were interpreted by several workers to represent island 
arc and interarc basin deposits (Poole et al., 1977; 
Potter et al., 1977; Schweickert and Snyder, 1981). 
However, previous studies did not provide the detail 
necessary to determine the specific paleoenvironment and 
tectonic setting of the Silurian and Devonian deposits 
including the Gazelle Formation. The Gazelle is a flysch 
sequence composed of principally volcaniclastic 
sandstones, shales, and mudstones. The Gazelle Formation 
structurally overlies the boundary between lower
Paleozoic sedimentary rocks of the Yreka Terrane and the 
mafic and ultramafic rocks of the Trinity complex. 
Therefore, a better understanding of the Gazelle 
Formation will provide the necessary information to 
determine the paleotectonic setting associated with the 
amalgamation of the two terranes. This study will 
address two key objectives in further understanding the 
Gazelle Formation.
The first objective of this study was to define the 
internal stratigraphy of the upper Gazelle Formation.
This was accomplished by conducting detailed field 
mapping and describing stratigraphic sections through 
relatively undeformed sequences. Prior to this study, 
sandstones of the Gazelle had not been mapped and divided 
into separate units.
The second objective of this research was to 
interpret the tectonic setting of the flysch basin. This 
was accomplished by stratigraphic, sedimentologic, 
petrographic, and geochemical analyses of the major 
sandstone units. Sedimentary structures were used to 
interpret flow mechanisms in both the sandstones and 
siltstones.
REGIONAL GEOLOGY
Lithologic units in the Klamath Mountains of 
northern California are composed of marine and arc- 
related volcanic and sedimentary rocks of Paleozoic and 
Mesozoic age (Irwin, 1981). The terranes were accreted 
along eastward-dipping subduction zones to form arcuate 
belts that become younger to the west. The oldest of 
these belts is the Eastern Klamath province, which 
contains fragments of juxtaposed island arc and oceanic 
sequences that range in age from early Paleozoic to 
Jurassic (Figure 1). The lower Paleozoic Trinity complex 
is the oldest crustal element in the Eastern Klamath 
province (Figure 2) (Lanphere et al., 1968; Jacobsen et 
al., 1984; Lindsley-Griffin and Griffin, 1983; Wallin, 
1990; Wallin et al., 1991). The Trinity complex is 
overlain by a complexly faulted assemblage of Cambrian to 
Devonian supracrustal rocks of the Yreka Terrane to the 
north (Potter et al., 1977; Lindsley-Griffin and Griffin, 
1983; Wallin et al., 1988) and Devonian to Jurassic rocks 
of the Redding terrane to the south (Irwin, 1977). The 
Paleozoic terranes are stitched together by Mesozoic 
plutons.
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Figure 1. Generalized map showing lithotectonic belts of 
the Klamath Mountains province in California and Oregon 
(from Irwin, 1977).
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6GAZELLE FORMATION
The Gazelle Formation (Figure 3) was first defined 
by Wells, Walker, and Merriam (1959) to include 
unmetamorphosed sedimentary rocks exposed at Gazelle 
Mountain and other Silurian sedimentary rocks of the 
Yreka Terrane. According to Potter et al. (1977), the 
Gazelle Formation is a 430 m thick sequence that was 
subdivided into three members. Members 1 and 3 are 
highly deformed, poorly bedded, heterogeneous assemblages 
of siliceous mudstone, shale, siltstone, limestone, 
sandstone, conglomerate, and breccia. Member 3 also 
contains intervals of volcaniclastic conglomerate and 
breccia, and porphyritic keratophyre and spilite 
containing albite and clinopyroxene. Member 2, which 
overlies members 1 and 3, consists of relatively 
undeformed and laterally continuous interbedded 
volcaniclastic sandstones, siliceous mudstones, shale, 
and chert.
In this report, the Gazelle will be divided into two 
members. The lower Gazelle Formation, equivalent to 
members 1 and 3 of Potter et al. (1977), consists of 
highly deformed chert-1ithic sandstone, shale, mudstone, 
and chert. The bulk of this report will deal with the 
upper Gazelle Formation, equivalent to member 2 of Potter
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The upper Gazelle Formation structurally and 
stratigraphically overlies rocks that have been 
identified as melange (Lindsley-Griffin and Griffin,
1983; Lindsley-Griffin and Fisher, 1989) and disrupted 
units (Potter et al., 1977) that could be interpreted as 
broken formation. The use of the term melange by 
Lindsley-Griffin and Griffin (1983) follows the 
descriptive definition proposed by the Geological Society 
of America Penrose Conference on melanges in 1978 (Silver 
and Beutner, 1980, p. 32). According to their 
recommendation, melange is a mappable, internally 
fragmented and mixed body containing a variety of blocks, 
commonly in a pervasively deformed matrix. Mapping by 
Lindsley-Griffin (1982) has demonstrated that several 
units in the area meet these criteria.
Considering the genetic definition of the term 
melange (a tectonically disrupted unit generally produced 
in subduction zones (Hsu, 1971)), Potter et al. (1977) 
have chosen instead to use the term disrupted units to 
describe units subjacent to the upper Gazelle Formation. 
Previous studies have not determined if the basin in 
which the heterogeneous and chaotic rocks were deposited 
was located at or near a subduction zone. Therefore, 
Potter et al. (1977) opted to refer to the Ordovician- 
Silurian Moffett Creek Formation and possibly the lower
9Gazelle Formation as disrupted units until the basin is 
determined to have been associated with a subduction 
complex.
The upper contact of the Gazelle Formation is not 
preserved. The Gazelle is bounded on the northwest by 
the post-Early Devonian Mallethead thrust fault which 
transported the Moffett Creek Formation eastward over the 
Gazelle. To the east, the Gazelle structurally overlies 
ultramafic and mafic rocks of the Trinity complex.
The age of the upper Gazelle Formation is late 
Siegenian to middle Emsian based on sparse paleontologic 
data. The Early Devonian age was derived from the 
recovery of three types of conodonts from a single 
calcareous concretion (Savage, 1977). Two of the types of 
conodonts are new species. The sample was collected by 
A.W. Potter from an exposure he believed was high in the 
Gazelle Formation. The sample was located within a thick 
shale unit below the stratigraphically lowest sandstone 
documented herein. Two other unpublished Early Devonian 
conodont occurrences were reported in Lindsley-Griffin,
1982.
Structure
Approximately eight square miles of the northern 
part of the upper Gazelle Formation were mapped at the 
scale of 1:10,000 to determine the stratigraphic 
continuity and degree of structural deformation of the
sandstone units (Plate 1). Orientations of mesoscopic 
fold axes and reverse faults, and foliations were not 
measured. The lowermost upper Gazelle is mapped as 
undifferentiated shale and contains no marker beds. The 
highly deformed pencil shales in this interval contain 
localized blocks of sandstone and siltstone, most likely 
derived from the lower Gazelle, ranging in size from 10- 
100 yards. Overturned beds and tight mesoscale folds are 
common throughout the lowermost upper Gazelle, and are 
best exposed on the southeast flank of Gazelle Mountain, 
SW1/4, SW1/4, Section 9, T 4 1 N ,  R 7 W. Mesoscale high 
angle reverse faults, such as the exposures observed 
along the road in the SE1/4, SW1/4, Section 34, T 42 N, R 
7 W, are also common in the lowermost upper Gazelle. The 
mesoscale deformational structures are typically overlain 
by rocks exhibiting progressively less deformation 
upward. However, there is no evidence of beds thinning 
over the faults and folds which would have suggested 
synsedimentary deformation. The age of the mesoscale 
faults and folds, located in the shale-dominated 
lowermost upper Gazelle, is constrained only to be post- 
Early Devonian.
The entire upper Gazelle exhibits a gradual decrease 
in the degree of deformation upsection. Thinly bedded 
chert and siltstone units can be traced for greater 
distances higher in the section and the sandstone units,
concentrated at the top of the formation, are relatively 
undeformed. The laterally continuous sandstone units are 
gently folded and exhibit offsets generally of thirty 
feet or less along high-angle normal faults. The 
sandstone exposed at the hairpin turn at the SE1/4,
SW1/4, Section 27, T 42 N, R 7 W, is interpreted to be 
the stratigraphically lowest of the major sandstones 
based on the lack of other sandstones below it and the 
highly deformed nature of shales underlying the 
sandstone. This would suggest that the northwest- 
trending normal fault exposed at the hairpin turn could 
be responsible for approximately 800 feet of 
displacement.
In the northern half of Section 27, T 42 N, R 7 W, 
the upper Gazelle is overturned as indicated by flame 
structures and convolute laminae found in siltstones.
The timing of the deformation is constrained only to be 
post-Early Devonian. The overturning of the Gazelle may 
be related to eastward emplacement of the post-Early 
Devonian Mallethead Thrust and its probable continuation 
to the southwest as mapped by P.E. Hotz (1978).
Stratigraphy
Seven stratigraphic sections were described throughout 
the well-stratified upper Gazelle Formation (Plate 2). 
Stratigraphic sections are located where structure is 
simple and the sequence is relatively well-exposed.
Locations of contacts were obtained and confirmed by 
reading bearings to nearby points shown on the 
topographic base map using methods described in Compton 
(1962, p. 52 and 235). Bearing points commonly used 
included Gazelle Mountain lookout and road intersections. 
Thicknesses of resistant units were measured and 
described at one-foot intervals using a twelve-inch map 
board for scale oriented at right angles to bedding. Any 
sedimentary structures observed were sketched, 
photographed, and sampled. Thicknesses of the poorly 
exposed pelitic rocks were estimated by constructing 
geologic cross-sections of the field area based on 
locations and elevations of the resistant units.
Locations of chert beds and calcareous concretions were 
determined also by using location methods described in 
Compton (1962, p. 52 and 235). The error on measurements 
of the sandstones is small while uncertainty in the 
thicknesses of the mudrocks could be as much as ± 15%.
Four major sandstone units are concentrated in the 
upper 850 feet of the formation (Figure 4) with few 
sandstone beds located in the lowermost 150 feet of the 
upper Gazelle. Each sandstone unit becomes more thinly 
bedded upsection, from 3-foot thick beds at the base to 
1-inch beds at the top (Figure 5), and is interbedded 
with 1-inch shale intervals. Sandstone units 1 and 2 
(Plates 1 and 2) are each 40 feet thick at the northwest
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Composite section 
of the well-stratified 
upper Gazelle Formation
Figure 4. Composite stratigraphic column of the upper 
Gazelle Formation. Arrows indicate direction of fining.
Figure 5. Typical outcrop of Gazelle sandstone showing 
the thinning of beds upsection.
Figure 6. Outcrop of a calcareous concretion embedded in 
shale. Hammer for scale.
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margin of the mapped area and thin to 25 feet in the 
southeast. Sandstone 3 is 45 feet thick and sandstone 4, 
the youngest unit preserved, is at least 50 feet thick.
The sandstones are interbedded with shale, thinly 
bedded chert, and siliceous mudstone. Due to the thick 
vegetation and colluvium, the nonresistant rock types are 
poorly exposed. Therefore, such units were mapped as 
undifferentiated shale. A marker sequence of thinly 
bedded siltstone, chert, and mudstone lies thirty feet 
below the base of the first major sandstone unit (Plate 
2). At the southern margin of the mapped area near the 
base of Gazelle Mountain, this marker sequence is 20 feet 
thick and contains two thinly bedded fine-grained 
sandstones in addition to the thinly bedded siltstone, 
chert, and shale. The same sequence exposed at the 
northeastern margin of the mapped area is approximately 
15 feet thick, disrupted by mesoscopic folding and high 
angle reverse faults, and does not contain any sandstone. 
The fining in grain size and the thinning of sandstone 
units 1 and 2 to the northeast may suggest that these 
units were deposited in an active area of bathymetric 
relief within the basin or possibly at a basin margin.
The lateral thinning could also be associated with the 
depositional extent of the fan, independent of basin 
geometry.
The lowermost sandstone unit overlies a seven-foot
16
thick bed of highly fractured, nonresistant siliceous 
mudstone. The interbedded siltstone sequence and the 
siliceous mudstone were only observed along the 
southeastern portion of the mapped area (Plate 2) . A 25- 
foot thick siliceous mudstone unit located approximately 
170 feet above sandstone 2 and exposed on the cliffs in 
Sections 28 and 33, T 42 N, R 7 W, pinches out or becomes 
less resistant to the southwest.
Micritic and dolomitic concretions commonly occur in 
shale beds of the sequence. They range from fist-sized 
nodules to "beds" nearly 30 feet long and 2 feet thick.
In outcrop, the concretions weather to a rusty brown 
color and are spherical to spindle shaped (Figure 6). On 
fresh surfaces, the concretions exhibit alternating dark 
and light gray thin laminae that are parallel with 
bedding of the surrounding shale. The timing of 
cementation is not known. Macrofossils were not
observed in the calcareous concretions. Eight calcareous 
samples were collected for paleontological analysis of 
conodonts (Plate 1). Each sample was broken into 1-inch 
pieces or smaller and partially dissolved in 15% dilute 
acetic acid. The micritic samples dissolved at a faster 
rate and generally yielded a greater amount of insoluble 
residue than the dolomitic samples. Residues from the 
micritic samples were black and petroliferous, while 
residues from the dolomitic samples were tan in color.
The insoluble residues were then separated into 
light and heavy fractions according to the procedure 
outlined by Krukowski (1988) for extraction of conodonts 
from insoluble residues. Sodium metatungstate, density 
2.84, was used as the heavy liquid medium. During the 
separation, the heavy fractions yielded an abundance of 
sulfides and green mafic minerals. However, no conodonts 
were retrieved from the heavy fraction. Quantitative 
results are shown in Table 1.
Sedimentology
Sandstones of the upper Gazelle Formation are 
coarse- to very fine-grained and grade normally into 
siltstone and siliceous mudstone. The lowermost 
sandstone unit is locally conglomeratic at the base and 
contains siliceous mudstone intraclasts that range up to 
3 inches in diameter (Figure 7). At the conglomerate 
outcrop located in the SE1/4, SW1/4, Section 34, T 42 N,
R 7 W (Figure 7 and illustrated in Appendix A, 
stratigraphic section l), the intraclasts exhibit 
elongate and pinched shapes that define a crudely- 
developed east-west imbrication. Quantitative data and 
paleocurrent direction could not be obtained from the 
outcrop. The mudstone conglomerate is continuous over 
approximately 100 feet where the outcrop ends at a 
drainage. At the other end of the outcrop, the 
conglomerate occurs at a concave erosional contact,
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Table 1: Quantitative results from the processing of 
calcareous concretions found in the upper Gazelle Formation. 
M=micritic, D=dolomitic, HLS=weight of insoluble residue 
added to heavy liquid for separation, HM=weight of heavy 
minerals separated from insoluble residue.
Sample Type hand
sample
crushed/
dissolved
Insoluble
Total
Residue
HLS
HM
CB-74 D 4645g 310g 20g 20g 0. 5g
CB-69 M 4619g 618g 67.5g 67. 5g 7. 5g
CB-70 D 4811g 623g lllg 70g 6. lg
CB-44 M 1653g 87g log lOg l.Og
CB-61 M 3804g 356g 7. 5g 7. 5g 0. 5g
CB-56 D 5545g 433g 7. 5g 7. 5g 0. 8g
CB-4 3 M 5906g 393g 45g lOg 0. 4g
CB-42 D 6308g 121g 17.5g 15g 0. 8g
19
Figure 7. outcrop of channel lag deposit with imbricated 
siliceous mudstone intraclasts. Mudstone clasts are 
outlined in line drawing. Hammer for scale.
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approximately 10 feet deep, above siliceous mudstone, 
suggesting that the conglomerate may be a channel lag 
deposit. Mudstone conglomerate was observed in float at 
three other localities: NW1/4, SW1/4, Section 3, T 41 N,
R 7 W? SW1/4, SE1/4, Section 32, T 42 N, R 7 W; and 
NE1/4, SW1/4, Section 33, T 42 N, R 7 W.
Nearly 70% of the upper Gazelle Formation is 
inferred to be thick, unbedded mudrocks. No fauna or 
trace fossils were observed. The occurrence of thinly 
bedded chert within the shale sequences indicates that 
there were periods when the basin was not receiving 
terrigenous sediment. Facies models summarized in Davis
(1983) and Stow and Piper (1984) suggest that thick 
sequences of shale may accumulate slowly by flocculation 
of suspended clay-sized particles in a hemipelagic deep- 
water environment. Pickering et al. (1988) suggest that 
such thick sequences of mud may be transported by mud- 
rich turbidity currents, deep-ocean traction currents, 
flocculation and settling of suspended clay-sized 
particles, or by sliding. The transport mechanism 
responsible for the thick sequences of shale in the 
Gazelle Formation could not be determined.
The thick sequences of shale and siliceous mudstone, 
along with the absence of trace fossils suggest that the 
basin was located in a deep-water, possibly anoxic 
environment. Other evidence supporting a deep-water
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environment includes the abundance of black, thinly 
laminated chert containing radiolarians (Lindsley-Griffin 
et al., 1991) and the abundance of thin laminae preserved 
in the very fine-grained sandstones and siltstones.
Each sandstone unit appears to be composed of 
several turbidite sub-stages, as defined by Mutti and 
Normark (1987). The sub-stages are composed of medium- 
to very fine-grained turbidites which are interbedded 
with one-inch thick intervals of finer-grained and 
friable detritus. The structureless nature of the fine- 
and medium-grained sandstones may be due to limited 
turbulence, the high degree of sorting, or the effects of 
metamorphism. Slight grading was observed within the 
sandstones suggesting that the fine- to medium-grained 
components may represent the A division of Bouma's (1962) 
classical turbidite sequence. The mudstone conglomerate 
and associated coarse-grained sandstone represents the 
erosional base of the A division of a turbidite.
Sedimentary structures become more abundant in the 
very fine-grained components. As the sandstone grades 
into siltstone, alternating thick laminae of sandstone 
and siltstone exhibit complex convolute deformation 
(Figure 8). The most spectacular convolute laminations 
were exposed in outcrop at the northern margin of the 
mapped region, SW1/4, NE1/4, Sec. 27, T 4 2 N ,  R 7 W .
Complex convolute laminations observed in the Gazelle
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ms
Figure 8. Hand sample of convolute siltstone-mudstone 
laminae commonly observed high in the Gazelle sandstone 
units. Centimeter scale at base, slt=siltstone, ms=mudstone
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siltstones may be the result of slight silt loading into 
unconsolidated mud, incipient ripple formation in muddy 
sediment, disturbed flow regime above a rippled surface 
(Stow and Shanmugam, 1980), or failure and downslope 
movement of unconsolidated sediment. The precise 
mechanism could not be determined because intense 
weathering and growth of lichen hindered observation at 
many outcrops.
As the siltstone grades into mudstone, the siltstone 
beds thin upsection to thinly laminated units. At 
intervals where the rock is approximately 50% siltstone 
and 50% mudstone, flame structures and irregular thin 
siltstone-mudstone laminae are prominent (Figure 9). The 
flame structures indicate the direction of flow at the 
time of loading. Given the context of the vertical 
distribution of structures observed in outcrop, it is 
suggested that the irregular thin laminae result from 
suspension fall-out and ripple formation associated with 
a slower velocity of flow than that forming the convolute 
laminae. The higher proportion of clay-sized material 
and the lower velocity of the flow cause a smaller degree 
of deformation of the laminae. This mechanism is favored 
by Stow and Shanmugam (1980) as a result of their studies 
on similar sequences of sedimentary structures.
Higher in the bed, the flame structures and 
irregular thin laminae are replaced by thin regular
24
Figure 9. Hand sample of flame structures and thin 
irregular siltstone-mudstone laminae. Centimeter scale at 
base.
Figure 10. Hand sample of thin regular siltstone- 
mudstone laminae. Centimeter scale at base.
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alternating siltstone and mudstone laminae (Figure 10).
The laminae range from .05-.2 inches in thickness with 
individual laminae traceable along 25 feet of outcrop. 
Several different mechanisms have been proposed for their 
mode of formation. These include current pulsations, 
multiple events, migration of bed forms, and reworking by 
bottom currents (Stow and Bowen, 1978; 1980). The 
specific flow mechanism responsible for the thin 
lamination within the Gazelle siltstones could not be 
determined. However, similar laminae were observed off 
the Scotian margin of eastern Canada by Stow and 
Shanmugam (1980). They determined that the laminations 
were current-induced and that shear sorting of silt 
grains and clay floes takes place during final deposition 
through the base of the bottom boundary layer. This 
mechanism is also supported by laboratory experiments by 
Kranck (1984).
The deposits of low density turbidity currents 
transporting very fine-grained sediment have been 
described in detail by several workers (Piper, 1978;
Stow, 1979; Stow and Bowen, 1980; Stow and Shanmugam,
1980; Stow and Piper, 1984). Fine-grained turbidites 
exhibit normal grading and load and slump structures 
recognized in the DE divisions of Bouma's (1962) 
classical sandy turbidite. The E division of Bouma 
(1962) can be further subdivided (T0-T8) according to
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flow mechanisms and grain size (Stow and Piper, 1984).
The convolute laminae, thin irregular laminae, and 
thin regular laminae observed in the Gazelle are similar 
to those described by Stow and Piper (1984) and Stow and 
Shanmugam (1980) in their studies of modern and ancient 
deep-water fine-grained turbidite sequences (Figure 11).
The sedimentary structures observed in the very fine­
grained sandstones, siltstones, and mudstones of the 
Gazelle are believed to be related to the hydrodynamic 
regime of low velocity, low density, fine-grained 
turbidity flows. As with sand-rich turbidites, complete 
fine-grained turbidite sequences are uncommon. The 
sedimentary structures associated with divisions TO 
through T3 were the only structures of Stow and Piper's
(1984) sequence recognized in both outcrop and in 
polished section. The absence of other divisions may be 
the result of hydrodynamic bypassing of the fine 
fraction, restricted supply of mud to the system, or 
destruction of delicate physical or biogenic structures 
as a result of metamorphism.
Due to very low-grade metamorphism and the intense 
weathering of the rocks, paleoflow indicators were 
difficult to identify. Although quantitative data were 
not obtained, four recognizable flame structures and 
convolute laminae observed in outcrop indicate an 
eastward flow direction. The paleocurrent indicators are
cm
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Figure 11. Sedimentary structures observed in fine-grained 
turbidites (from Stow and Piper, 1984).
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located on the hill in the northern half of Section 27, T 
42 N, R 7 W.
Petrology
Sandstones of the upper Gazelle Formation are coarse 
to very fine-grained green lithic graywackes. Fifteen 
medium- to fine-grained samples and ten very fine-grained 
samples were analyzed petrographically to determine modal 
composition and interpret provenance. Descriptions of 
the framework grain types are listed in Table 2.
The sandstones are poorly sorted and the grains are 
angular (Figure 12). Grain contacts are 2% floating, 60% 
point, 30% line, and 8% concavo-convex (classification of 
Pettijohn et al., 1987, p. 85). The sandstones are 
lithic graywackes composed of 15% quartz, 30% 
plagioclase, and 55% volcanic lithic fragments. The 
sandstones contain 15% monocrystalline quartz that 
exhibit straight to slightly undulose extinction (Figure 
13). According to the classification of Basu et al.
(1975), quartz grains of the Gazelle sandstones indicate 
derivation from a volcanic and plutonic provenance. The 
quartz grains are each composed of one or two crystals, 
contain clear gray fluid inclusions, and generally lack 
vacuoles. The grains are rounded to subangular and 
embayments are common, particularly in the very fine­
grained samples. The silt-sized grains are much more 
angular than the larger grains. Forty-five percent of
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Table 2: Description of framework grain types found in
sandstones of the Gazelle Formation.
Framework Petrographic Description
Type #
1 Monocrystalline quartz. Grains exhibit little 
or no undulosity and no embayments, grains are 
rounded to subangular.
2 Monocrystalline quartz. The grains exhibit little 
or no undulosity and are embayed, grains are 
rounded to subangular.
3 Polycrystalline quartz, chert. The chert fragments 
are typically well-rounded with a well defined 
grain boundary.
4 Plagioclase. Relatively unaltered, euhedral, may 
have albite rim cements.
5 Siliceous mudstone. Black matrix, may contain 
silt-sized grains of quartz.
6 Siltstone. The fragments have a well-defined 
detrital texture, rich in micas, and exhibit 
slight foliation.
7 VRF. Aligned plagioclase laths (85%) in brown, 
opaque groundmass (15%).
8 VRF. Plagioclase microlites exhibiting trachytic 
texture (25%) in brown, opaque groundmass (75%), 
may contain plagioclase phenocrysts.
9 VRF. Equant phenocrysts of plagioclase and quartz 
in brown, opaque groundmass.
10 VRF(?). Lathwork plagioclase with albite 
twinning, ± chlorite patches. Inferred grain 
boundaries are irregular and indistinct. Although 
some grains were recognized, this material has 
been classified as cement.
11 Siliceous VRF. Polycrystalline groundmass 
with plagioclase and quartz phenocrysts, ± 
chlorite patches.
12 Siliceous plutonic(?) RF. Mosaic of 
polycrystalline megaquartz, ± plagioclase, mafic- 
free.
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Figure 12. Photomicrograph showing the compositional and 
textural immaturity of the Gazelle sandstones. Field of 
view = 2.5 cm.
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Figure 13. Photomicrograph of an embayed monocrystalline 
quartz grain. Field of view = 1 mm.
Figure 14. Photomicrograph of a highly fractured
monocrystalline quartz grain. Field of view = 0.5 mm.
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the quartz grains in the medium- to fine-grained samples 
are embayed, while 67% are embayed in the very fine­
grained samples. Approximately 25% of the quartz grains 
exhibit some degree of fracturing (Figure 14). Fractured 
crystals such as these are common in subaqueous 
pyroclastic flows as a result of sudden quenching 
(Fisher, 1984) . The fractures are randomly oriented and 
do not appear to be related to post-depositional strain. 
Thus, the occurrence of fractured but intact quartz 
grains in the Gazelle sandstones suggests that the sands 
did not undergo extensive reworking prior to deposition.
The percentage of quartz grains in the Gazelle sandstones 
is high relative to that of pyroclastic rocks. The high 
percentage may reflect diagenetic alteration of less 
stable lithic fragments, maturation due to sorting during 
transport, or dissection of a plutonic source.
The sandstones of the Gazelle Formation are composed 
of 30% plagioclase (Figure 15). The grains are angular 
(euhedral to subhedral) and are relatively unaltered; few 
grains show partial alteration to sericite and albite.
The zones of albitization are irregularly shaped and do 
not appear to follow composition planes. No zoned 
plagioclase or potassium feldspar was observed.
Sandstones of the Gazelle Formation are composed of 
55% lithic fragments, of which over 90% are volcanic 
(Table 2). Mudstone (Figure 16) and siltstone lithic
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Figure 15. Photomicrograph of an unaltered euhedral 
plagioclase grain. Field of view = 1 mm.
Figure 16. Photomicrograph of a siliceous mudstone
lithic fragment (Type 5). Field of view = 2.5 mm.
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fragments are less common and no metamorphic lithic 
fragments were observed.
The most abundant type of volcanic lithic fragment 
(Type 11) is composed of a siliceous polycrystalline 
groundmass containing euhedral phenocrysts of quartz and 
plagioclase, and patches of chlorite (Figure 17). These 
grains are irregularly shaped and commonly pinch out 
between more competent grains. The grain boundaries are 
lined with hematite cement and are most visible under 
plane polarized light.
The second most common lithic type (Type 10) is a 
mosaic of randomly oriented interlocking laths of 
plagioclase with albite twinning (Figure 18). Chlorite 
patches and iron oxides may be present. The grain 
boundaries are often indistinct and the laths typically 
extend between more competent framework grains. Detailed 
observations of this lithic type indicate that much of 
the material is cement, most likely derived from the 
diagenetic alteration of lithic fragments. For this 
reason, framework grain Type 10 has been classified as 
matrix and was not included with the lithic fragment 
count (Appendix B).
The third most common lithic type (Type 8) contains 
15% microlitic plagioclase phenocrysts exhibiting 
trachytic texture in a red-brown groundmass (Figure 19). 
These fragments may also contain larger phenocrysts of
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Figure 17. Photomicrograph of a siliceous volcanic lithic 
fragment with plagioclase phenocrysts (Type 11). Field 
of view = 1 mm.
Figure 18. Photomicrograph of an interlocking mosaic 
of plagioclase laths (Type 10). Further detailed 
analysis has determined that much of this material 
is cement. Field of view = 1 mm.
36
Figure 19. Photomicrograph of a volcanic lithic fragment 
rich in plagioclase microlites exhibiting trachytic texture 
(Type 8). Field of view = 1 mm.
Figure 20. Photomicrograph of a volcanic lithic fragment
rich in aligned plagioclase laths (Type 7). Field of view
= 1 mm.
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blocky plagioclase. Other volcanic lithic fragments 
include a brown groundmass rich in euhedral plagioclase 
phenocrysts (Type 7, Figure 20), brown groundmass with 
equant phenocrysts of plagioclase and minor quartz (Type 
9, Figure 21), and a plutonic(?) lithic fragment composed 
of quartz and plagioclase (Type 12, Figure 22).
Grain boundaries of some of the lithic fragments are 
poorly defined. The lithic fragments commonly extend as 
wisps between more competent grain types. In cases where 
a definitive lithic type could not be identified, 
probable framework grains were recorded as pseudomatrix 
as defined by Dickinson (1970). Matrix is defined as any 
interstitial material composed of silt-sized grains or 
finer, and any pore-filling cements developed during 
diagenesis (Dickinson, 1970). Matrix comprises 22% of 
the very fine-grained sandstones and 16% of the medium- 
to fine-grained samples. Matrix within the Gazelle 
sandstones is rich in phyllosilicates and chlorite, and 
is commonly stained with iron oxides.
Modal analysis of the four major Gazelle sandstone 
units was conducted using the Gazzi-Dickinson point 
counting method (Gazzi, 1966; Dickinson, 1970). Fifteen 
fine- to medium-grained samples and ten very fine-grained 
samples were analyzed to quantify detrital modes of 
quartz, feldspar, and lithic fragments. Compositions of 
the medium-to fine-grained sandstone samples proved to be
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Figure 21. Photomicrograph of a volcanic lithic fragment 
with equant phenocrysts of plagioclase and quartz (Type 
9). Field of view = 1 ran.
Figure 22. Photomicrograph of a plutonic(?) lithic fragment
composed of plagioclase and quartz (Type 12). Field of view
= 1 mm.
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comparable to compositions of the very fine-grained 
samples.
Compilation of sandstone compositions from known 
tectonic settings has led to the definition of 
compositional suites representative of specific 
provenances (Dickinson and Suczek, 1979; Dickinson, 1982; 
Dickinson, 1985). Fields representing the different 
tectonic settings are defined on three triangular 
diagrams. Plots of the detrital modes on the quartz- 
feldspar-lithic fragment (QFL) diagram (Figure 23) and 
the monocrystalline quartz-feldspar-total lithic fragment 
diagram (QmFLt) (Figure 24) suggest that the Gazelle 
sandstones were derived from a partially dissected 
magmatic arc. The polycrystalline quartz-volcanic lithic 
fragment-sedimentary lithic fragment (QpLvLs) diagram 
also suggests a magmatic arc provenance (Figure 25). The 
three diagrams strongly suggest that the Gazelle 
sandstones were derived from the denudation of a magmatic 
arc, although the precise basinal environment can not be 
determined from petrographic analyses alone.
Valloni and Maynard (1981) compared data from modern 
sands discussed in the literature with 80 deep-marine 
fine-grained sand and sandstone samples collected from 
known tectonic settings. Using their compilation of data 
from modern and ancient sandstones they were able to 
define five plate tectonic categories based on the
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Figure 23. Plot of the Gazelle sandstones in the 
transitional arc field of the quartz-feldspar-lithic 
fragment diagram. TA = transitional arc, UA = undissected 
arc, DA = dissected arc, BU = basement uplift, TC = 
transitional continental, Cl = craton interior, stars = 
medium- to fine-grained samples, triangles = very fine­
grained samples.
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Figure 24. Plot of the Gazelle sandstones in the 
transitional arc field of the monocrystalline quartz- 
feldspar-total lithic fragment diagram. Symbols as in Figure 
23. QR = quartzose recycled, TR = transitional recycled, LR 
= lithic recycled.
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Figure 25. Plot of the Gazelle sandstones in the magmatic 
arc field of the polycrystalline quartz-volcanic lithic 
fragment-sedimentary lithic fragment diagram. Stars = 
medium- to fine-grained samples, triangles = very fine­
grained samples.
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abundances of quartz, feldspar, and lithic fragments. In 
comparison to their data, the average composition of the 
Gazelle sandstones, plots in their back arc basin
field on the quartz-feldspar-lithic fragment diagram 
(Valloni and Maynard, 1981, Fig. 6). A back arc setting 
is not consistent with the other results of this study.
This anomaly is discussed in the Depositional Model 
section below.
Diagenesis
Sandstones rich in volcanic rock fragments and 
plagioclase are mineralogically unstable and are subject 
to diagenetic alteration immediately upon burial 
(Galloway, 1974). With this in mind, it is fortuitous 
that many of the framework grains in volcaniclastic 
sandstones of the Gazelle Formation have maintained their 
primary textures and compositions.
Although minor albitization (Figure 26) and 
sericitization (Figure 27) is observed in the samples, 
plagioclase grains in the Gazelle sandstones have 
remained relatively unaltered. Small patches of 
diagenetic albite do not appear to follow cleavage or 
composition planes within the plagioclase grains. The 
sporadic occurrence of albite within the plagioclase 
grains is similar to the blocky and irregular 
albitization textures described by Gold (1987). The 
relatively unaltered texture of the plagioclase grains
44
Figure 26. Photomicrograph of a plagioclase grain 
exhibiting an irregular extinction pattern associated 
with albitization. Field of view = 1 mm.
Figure 27. Photomicrograph of a plagioclase grain that
has partially altered to sericite. Field of view = 1 mm.
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suggests that there has not been extreme diagenetic 
alteration of the sandstones.
Several plagioclase grains, both fresh and slightly 
altered, exhibit rims of albite (Figure 28). According 
to Pettijohn et al. (1987, p. 446), the development of 
authigenic feldspar overgrowths occurs during the early 
stages of diagenesis. Silica and aluminum, mobilized 
during the chemical alteration of volcanic lithic 
fragments, are precipitated as epitaxial overgrowths of 
albite around detrital grains.
Growth of the albite rims appears to have been 
halted by the development of pore-filling cement.
Siliceous polycrystalline cement is commonly found in the 
embayments of quartz grains and between framework grains 
(Figure 29). The interlocking mosaic of albite laths 
discussed earlier (Type 10) often occurs in regions that 
are not occupied by framework grains (Figure 18). It is 
believed that such regions were once occupied by unstable 
lithic fragments that have been diagenetically altered to 
form authigenic cement, clay, or zeolite. Remnants of 
the unstable lithic fragments were not observed.
However, a few regions exhibited relict grain boundaries 
suggesting that a framework grain had been altered.
Surdam and Boles (1979) propose two processes by 
which secondary albite develops in volcaniclastic 
sandstones. The formation of authigenic albite is common
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Figure 28. Photomicrograph of albite overgrowth on a 
plagioclase grain. Field of view = 1 mm.
Figure 29. Photomicrograph of siliceous polycrystalline
cement. Field of view = 1 mm.
in sandstones rich in rhyolitic to dacitic clasts. The 
dehydration reaction of quartz plus analcime to form 
albite occurs in sedimentary basins where the fluid 
pressure gradient increases rapidly over a small depth 
interval. Like many other dehydration reactions, it is 
also associated with faulting and fracturing of the 
sandstone. No analcime is preserved in the sandstones. 
Therefore, there is no evidence for its dehydration. The 
complete replacement of analcime with albite would 
indicate that the sandstones had been exposed to 
approximately 150-250 degrees celsius and no more than 3 
kb of pressure. According to this scenario, the 
sandstones of the Gazelle plot in the zeolite field of 
the metamorphic facies diagram (Ehlers and Blatt, 1982, 
p. 546).
The second process involves the replacement of
zeolite with authigenic albite. Heulandite and
laumontite are zeolites that typically form in the early
stages of diagenesis of volcanic sandstones as a
hydration product of volcanic ash, mafic volcanic lithic 
fragments, or plagioclase (Galloway, 1974; Surdam and 
Boles, 1979). An influx of siliceous fluid through such 
sandstones can dramatically reduce the porosity of the 
rock by producing heulandite and subsequently albite 
(Surdam and Boles, 1979). It is suggested that porosity 
was greatly reduced or eliminated early in the diagenetic
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history of the sandstones, thereby sealing the rock and 
preserving the plagioclase grains. Although heulandite 
occurs in interlocking prismatic crystals, petrographic 
observations suggest that the lathwork cement observed in 
the Gazelle sandstones is albite. This suggests that 
albite may have replaced heulandite as a result of 
heating and dehydration of the sandstones. Dehydration 
and the replacement of zeolite with albite is a late 
diagenetic reaction requiring temperatures of 
approximately 150-200 degrees celsius (Surdam and Boles, 
1979). If albite cement has replaced all of the 
heulandite, the Gazelle sandstones plot in the 
greenschist metamorphic facies (Ehlers and Blatt, 1982, 
p. 546). Other lines of evidence in support of the 
greenschist facies include the occurrence of the mineral 
assemblage quartz-albite-epidote-chlorite and the absence 
of prehnite, pumpellyite, and lawsonite. However, the 
absence of prehnite and pumpellyite may be due to the 
apparent lack of mafic lithic fragments in the sandstone. 
Thus, sandstones of the Gazelle Formation appear to have 
experienced lower greenschist facies metamorphism. The 
greenschist metamorphic facies indicates that the 
sandstones have been exposed to more than 300 degrees 
celsius.
Geochemistry
Tectonic setting, including the suite of rocks
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associated with each setting, is the primary control on 
the geochemical composition of terrigenous sedimentary 
rocks (Pettijohn et al., 1987). Other factors, such as 
weathering, transportation, and diagenesis, also 
influence the geochemical compositions of sands.
However, changes in composition due to these processes 
are themselves related to the plate tectonic environment 
and thus, the geochemical signatures of sediments often 
still reflect the tectonic setting to some degree (Roser 
and Korsch, 1986? Pettijohn et al., 1987). The 
compilations of geochemical data by Roser and Korsch 
(1986) and Bhatia (1983) have served as guidelines for 
interpreting provenance from major element compositions.
Samples chosen for geochemical analysis were ground 
to a fine powder (-200 mesh) using a disk mill and agate 
mortar and pestle. Nine samples collected from all four 
of the major sandstone units of the Gazelle were 
processed for major element analysis (Appendix 3). 
Whole-rock major-element chemistry was determined by 
Inductively Coupled Plasma (ICP) techniques at Chemex 
Analytical Laboratory, Inc., Sparks, Nevada. These data 
were compared to geochemical data for sandstones 
collected from known tectonic settings around the world 
by the previously mentioned workers.
Roser and Korsch (1986) developed three first-order 
tectonic categories based on major element compositions
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of fine-grained sandstones, siltstones, and mudstones.
In the plot of K20/Na20 versus Si02, sandstones of the 
Gazelle fall in the active continental margin field, as 
opposed to the passive margin or oceanic island arc 
fields (Figure 30). Active continental margin basins 
include both subduction-related and continental collision 
basins. In the plot of Si02/Al203 versus K20/Na20 the 
results are similar (Figure 31). The compositions of 
sandstones in the Gazelle Formation fall in the active 
continental margin and felsic island arc fields. Given 
that available data span the boundary between those two 
fields, it is not possible to discriminate between active 
continental margin and felsic island arc settings on the 
basis of major element geochemistry.
Ideally, immobile elements should be used in 
geochemical analyses. Although some studies have shown 
that K20/Na20 ratios are not greatly altered by post- 
depositional processes (Roser and Korsch, 1986), a 
decrease in the ratio should be associated with 
diagenesis. Sodium is retained in the formation of 
albite while potassium is more mobile. Therefore, the 
ratio may decrease with alteration. Post-depositional 
processes have most likely increased the concentration of 
s i o 2 in the sandstones by destroying labile grains. The 
fields defined by Roser and Korsch (1986) accommodate 
geochemical changes associated with diagenesis.
0
0
*
0
1
51
ocn
m
oo
o
oo
m
o
h -
m
ID
oo o
o
o
( O
o
o
CM
O
0 0
q Z d ^ / q Z ^
(tl
o
cO
a) a  T3 C C A  
ai <o o
6a)
a
N
o
0)
ca A  a) O'
o c
o
o <h a)
<u
oi 
_ oO « <H
0 ^  
o  u
oi
73 <w
o
01oi • 
0  01 04 0) 
01
>•H
rd 4-> *4-1 M 0 
O' 10 
(0•H I TJ «)S - H  01 
C O  <H A  
O ^  A  
•H (0- U 04 rH
C 0  
•H (0 0) tji A
A
(0
C
•H
0
0
0)
o
o
M04
(0
c
o
M TJ <0 -H 
(0 C O A
0  CO
T3
Ch 
Oc/i a) cn
> -H  
H
01 O 
0  01 *H
(0 C04 (0 
0) I o
•H
c  
o
A  
O Q) S
H  *rl 
TJ 01 
C O •H O4 
0)
01 73 
£  I 
O A  O 01
0 o
< 04
• o
EH O4 II — A  
VOu n  11 
' m 0 H TSO
C l
0)aic0 
A
01
* - 01 
B A D  •HOD' a 73 O' 0) d
O' C Jh O <0
•h (0 <0 o  A
Cm 01 g  W O
£o2|V/£o!S
53
Compositions will generally migrate parallel to field 
boundaries throughout post-depositional processes, 
although it is conceivable that field boundaries could be 
crossed as shown in Figures 30 and 31.
Bhatia (1983) studied sandstones within Paleozoic 
turbidite sequences of eastern Australia whose tectonic 
setting had been established independently. He also 
concluded that sedimentary provenance and tectonic 
setting can be interpreted from major element 
geochemistry. According to the parameters defined by 
Bhatia (1983), sandstones of the Gazelle Formation show 
characteristics of both continental arc and active 
continental margin compositions. The mean Al203/Si02 
value of Gazelle sandstones is 0.16. According to Bhatia
(1983), that value is typical of continental arc and 
active continental margin sandstones. According to 
Bhatia (1983), Fe and Ti concentrations are useful in 
determining tectonic setting because of their low 
mobility and low residence times in sea-water. He also 
stated that Mg will remain unchanged in continental- 
margin type sandstone turbidites because of the low 
permeability of these rocks (Bhatia, 1983). The 
percentages of Ti02 and Fe203 + MgO in the Gazelle 
sandstones are characteristic of active continental 
margins; 0.27% and 4.2%, respectively. These results are 
consistent with the petrographic data and support the
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idea that the Gazelle Formation was derived from an arc 
located at or near an active continental margin.
Fifteen samples of Gazelle sandstones were analyzed 
for trace and rare-earth element (REE) compositions.
These samples included the nine samples that were studied 
for major element analysis (Appendix D). The samples 
were analyzed by Instrumental Neutron Activation Analysis 
(INAA) at the Phoenix Memorial Laboratory, University of 
Michigan. According to McLennan (1990), source REE 
signatures are often preserved in their sediments.
Active continental margin volcanics will have a minor 
negative Eu-anomaly and a slight enrichment in light rare 
earth elements (LREE), similar to the pattern exhibited 
by andesites. The Gazelle sandstones show a slight 
enrichment in LREE over heavy rare earth elements (HREE). 
However, the concentrations of HREE are higher than those 
of felsic and andesitic sources (Figure 32). The 
concentrations of LREE may have been depleted by erosion 
and transport of the sediments. The slight enrichment of 
HREE is most likely from the abundance of heavy minerals 
in the sandstones. Because sandstones are generally low 
in REE, even a minor enrichment of heavy minerals can 
greatly affect the REE pattern, particularly the HREE 
(McLennan, 1990). The REE pattern may reflect a felsic 
source rock in which weathering and transport of the 
detritus has depleted the LREE to form the relatively
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flat pattern shown in Figure 32. Alternatively, an 
andesitic source rock could become enriched in HREE by 
increasing the relative abundance of heavy minerals 
through sorting.
Trace element data from sandstone samples collected 
from known tectonic settings were compiled by Bhatia and 
Crook (1986). They were able to define four fields 
representing the chemical signatures of sandstones from 
four tectonic settings. In comparison to their data, the 
Gazelle sandstones contain La and Th concentrations 
similar to both oceanic island arc and continental arc 
sandstones (Figure 33). The straddling of fields may 
represent mixing of both oceanic and continental arc 
sources. However, the dominance of felsic lithic 
fragments does not support mixing of different sediment 
compositions. Therefore, the concentrations of La and Th 
may have been depleted through weathering and transport 
of the sediments. If this is the case, the points have 
migrated from the continental arc field toward the 
oceanic arc field. The average errors for La and Th are 
1.5% and 3.5%, respectively, at the one-sigma level.
Values of other trace elements analyzed by instrumental 
neutron activation analysis exhibited large analytical 
uncertainties and therefore were not considered for 
provenance determination.
Rare-earth element data obtained from the Gazelle
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Figure 33. La-Th plot of the Gazelle sandstones showing 
values associated with oceanic and continental arc settings 
as defined by Bhatia and Crook (1986). Average errors for La 
and Th are 1.5% and 3.5%, respectively.
sandstones support the idea that they were derived from 
an island arc located at or near an active continental 
margin. The data also suggest that the volcanic source 
rocks were mainly felsic with possibly some andesitic 
influence. Petrographic observations of volcanic lithic 
fragments within the Gazelle sandstones also indicate 
that the source was dominantly felsic although some 
andesitic lithic fragments were observed.
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DEPOSITIONAL MODEL
Detailed mapping and compilation of stratigraphic 
sections throughout the upper Gazelle Formation have 
demonstrated that sandstones are concentrated in the 
upper part of the sequence. The sandstone units thicken 
upsection and are interbedded with thick sequences of 
pelitic rocks. Each sandstone unit is composed of 
several turbidite sub-stages, as defined by Mutti and 
Nonnark (1987). Interbedded with the shales are 
structureless units of siliceous mudstone and thin beds 
of chert. The sandstone units lack channel margins, 
although one indisputable large-scale scour was observed 
in outcrop at the SW1/4, SW1/4, Section 34, T 42 N, R 7 W 
(Appendix A, Stratigraphic Section 1).
The lateral continuity and tabular nature of the 
sandstones along with the dominance of hemipelagic units 
and general coarsening upward nature of the entire 
formation, suggests that the Gazelle Formation was 
deposited in a deep-sea environment and possibly as an 
outer fan sequence (as defined by Normark, 1978; Mutti 
and Normark, 1987; and Pickering et al., 1989). Outer 
fan sequences generally lack channel features and 
resemble basin plain deposits in that they are flat-lying 
and laterally continuous except when confined to
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topographic depressions (Normark, 1978).
The concentration of sandstones higher in the 
formation may also be the result of the basin geometry.
The decrease in deformation upsection may suggest that 
the basin was located in a tectonically active setting in 
which the degree of activity declined with time, although 
the timing of deformation has not been well constrained.
Fan sequences may not have had the opportunity to develop 
until tectonic activity had nearly ceased. Tectonics 
could also have played a role in the dispersal of the 
sediment. Detritus from the source could have been 
trapped or diverted by intervening basins, as discussed 
below.
Several other factors could have influenced the 
supply of sand to the basin. A drop in relative sea 
level favors emergent continental margins and increases 
the supply of detritus to the continental slope (Vail et 
al., 1977). Likewise, fluctuations in relative sea level 
may have exposed the arc influencing the supply of 
volcaniclastic detritus into the basin. Climate also 
contributes to the type of sediment transported to the 
basin. Wet climates favor the accumulation of mud 
because of greater weathering (Potter et al., 1980, p.
6 )  .
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PALEOTECTONIC SETTING OF THE 
GAZELLE FORMATION
Several criteria indicate that the Gazelle Formation 
was deposited in some portion of an arc-trench gap:
1 ) the formation lies between the east-dipping 
Devonian central metamorphic belt and the upper 
plate consisting of both the Trinity complex and 
the Redding Terrane,
2) the formation structurally and stratigraphically 
overlies melange units (Lindsley-Griffin and 
Fisher, 1989),
3) the sandstones are rich in volcanic lithic 
fragments and lack continentally derived 
detritus,
4) petrographic and geochemical analyses indicate 
that the sandstones were derived from a felsic to 
andesitic magmatic arc,
5) major element geochemical analyses indicate that 
the sandstones were derived from an arc located 
near an active continental margin.
Therefore, it is unlikely that the Gazelle Formation was 
deposited in a back arc basin, as suggested by the 
comparison of Gazelle sandstones with data from Valloni 
and Maynard (1981). In addition to transport of the
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sands, diagenesis of the Gazelle sandstones has most 
likely increased the relative percentages of quartz and 
feldspar by destruction of less stable lithic fragments. 
Therefore, through diagenesis, the Gazelle sandstones may 
have acquired modal compositions similar to those of back 
arc basins.
By compiling my data with previous work completed in 
the Eastern Klamath Mountains, a retroarc successor basin 
model and a trench slope basin model are proposed for the 
deposition of the Gazelle Formation. A deep-sea 
environment existed in which turbidity currents 
transported volcaniclastic debris from the arc into 
ponded basins of a retroarc successor basin or trench 
slope. The compositional and textural immaturity of the 
fine-grained sandstones indicates that the sands were not 
reworked to a great extent and were most likely derived 
from the denudation of volcanic rocks near the basin.
The distribution of fine-grained volcaniclastic detritus 
to deep-sea settings has been described by Sparks (1976),
Cas et al. (1981), Wright and Mutti (1981), and Fisher
(1984) .
The formation of trench slope basins has been 
described in detail by Karig et al. (1979), Moore and 
Karig (1976), Seely et al. (1974), Seely (1979), Lash
(1985), and Thornburg and Kulm (1987). The inner trench 
slope associated with the Sunda arc is a recent analogue
for the structure of trench slope basins (Karig et al., 
1979). In an arc-trench system, oceanic sediments are 
stripped off the subducting plate and accreted in fold 
and thrust packets to the base of the lower trench slope. 
The inner trench slope is corrugated by ridges and 
troughs reflecting a system of active thrust faults. The 
faults deform sediments deposited by turbidity currents 
and hemipelagic processes in the slope basins (Karig et 
al., 1979). As deformation continues, motion along some 
of the fault planes dies out resulting in fewer and wider 
basins. Continued sedimentation buries the less active 
faults while minor movement deforms the sediments 
penecontemporaneously (Moore and Karig, 1976). As a 
result of this distribution of thrusts, internal 
deformation in the slope basins decreases in intensity 
upward from the contact with the melange, but is 
generally much less than that of the melange.
Seismic reflection profiles by Seely et al. (1974), 
Moore and Karig (1976), Karig et al. (1979), and Seely 
(1979) show that typical trench slope basins are 
approximately 10 km wide and 2-3 km deep, with maximum 
depths of up to 4 km. The basins are elongate and extend 
parallel to structural strike for several tens of 
kilometers. Although the upper contact and basin margins 
of the Gazelle are not preserved, the structural and 
stratigraphic context of the formation strongly suggests
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deposition in a trench slope basin.
Although it has been established that the Gazelle 
Formation was deposited in an arc-trench gap, two 
competing hypotheses remain regarding the regional 
paleogeographic setting of the Devonian Gazelle 
Formation. The first hypothesis involves westward- 
dipping subduction during the Ordovician-Silurian, 
eastward-dipping subduction during the Devonian, and 
eastward dispersal of sediment from an east-facing arc.
This hypothesis begins with the Ordovician-Silurian 
setting proposed by Schweickert and Snyder (1981) (Figure 
34). Oceanic crust was subducted westward during the 
Ordovician and Silurian leading to the development of an 
outboard magmatic arc. Collision of the Ordovician- 
Silurian arc with the Trinity complex and subsequent 
reversal in arc polarity created an eastward-dipping 
subduction zone in the Early Devonian. This 
interpretation is supported by documentation of an 
inverted metamorphic gradient along an eastward-dipping 
Devonian subduction zone beneath the Trinity complex 
(Peacock and Norris, 1989).
Continued accretionary activity caused denudation of 
the arc and transport of volcanic detritus eastward onto 
collision-related melange of the lower Gazelle associated 
with the extinct east-facing, Ordovician-Silurian arc.
Some dismembered units such as the schist of Skookum
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ORDOVICIAN -  SILURIAN
EARLY DEVONIAN
TC
Figure 34. Block diagrams illustrating the deposition of 
the Gazelle Formation in a relict forearc setting following 
a reversal in arc polarity. TC = Trinity Complex, OSm = 
Ordovician-Silurian melange units such as schist of Skookum 
Gulch, OSv = Ordovician-Silurian volcanics, Dg = Gazelle 
Formation, Dv = Copley Greenstone and Balaklala Rhyolite, 
CMB = Central Metamorphic Belt.
/
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Gulch and the Schulmeyer Gulch sequence that overlie the 
Trinity complex and are, in turn, overlain by well- 
stratified sedimentary units of the Yreka terrane may 
represent the accretionary prism of the extinct east- 
facing arc. This model illustrates how the basin would 
only receive sediment from the Ordovician-Silurian arc 
and not the Trinity complex. Although data permit this 
model, no evidence exists to support an arc-Trinity sheet 
collision. A detailed structural comparison of the 
Ordovician-Silurian and Devonian melange units might 
reveal if there has been a reversal in the polarity of 
subduction recorded in the basement of the Gazelle 
Formation.
The basin described in this first hypothesis is a 
retroarc successor basin according to Dickinson's (1974) 
classification of foreland basins. According to 
Dickinson (1974), "Where the magmatic arcs stand along 
continental margins that have grown seaward by tectonic 
accretion, some retroarc basins may be successor basins 
in the sense of resting upon previously deformed 
terranes."
A second hypothesis is that the Trinity complex was 
the basement for an Ordovician-Silurian arc. As Devonian 
eastward-dipping subduction began beneath the Trinity 
complex, sediment was shed westward into the trench slope 
(Figure 35). Ordovician and Silurian trondjhemite and
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plagiogranitic plutons within the Trinity complex 
(Mattinson and Hopson, 1972; Wallin et al., 1988; Wallin 
et al., 1991) may represent the plutonic roots of the 
Ordovician-Silurian arc. Considering this hypothesis, we 
might expect to see mafic and ultramafic detritus derived 
from the Trinity ultramafic sheet incorporated into the 
Gazelle sandstones. Mafic and ultramafic lithic 
fragments were not observed in the Gazelle sandstones.
The lack of mafic and ultramafic lithic fragments might 
suggest that dissection did not expose the underlying 
Trinity sheet.
When discussing the two depositional models, it is 
important not to ignore the possibility of longitudinal 
transport of sediment along structural lows within the 
trench slope. However, the textural and compositional 
immaturity of the sandstones indicates a relatively short 
distance of transport. Therefore, extensive longitudinal 
transport is unlikely. The absence of both mafic and 
ultramafic detritus and Devonian volcanic lithic 
fragments in the Gazelle sandstones could be the result 
of physiographic isolation of the Ordovician-Silurian arc 
detritus in a ponded basin. Determining the Devonian 
paleogeography of the area remains problematic because 
the Ordovician-Silurian volcanic source rocks are no 
longer preserved in the Eastern Klamath province. 
Paleomagnetic data suggest that the Alexander terrane in
southeastern Alaska, composed of lower Paleozoic arc- 
related rocks, was located at or near the latitude of 
northern California during the Ordovician and Silurian 
and shifted north subsequently through dextral 
transcurrent faulting (Jones et al., 1977). The other 
alternative is that the volcanic source has been 
completely eroded from the Trinity complex leaving only 
volcaniclastic detritus preserved in thrust-bounded 
basins. The lack of mafic, ultramafic, and metamorphic 
lithic fragments in the Gazelle sandstones suggests that 
these basement rocks were not exposed.
CONCLUSIONS
In conclusion, it has been demonstrated that the 
upper Gazelle Formation has an internal stratigraphy 
consisting of four major volcaniclastic sandstone- 
siltstone units interbedded with thick units of shale and 
lesser amounts of siliceous mudstone and chert. The 
sequence exhibits a decrease in deformation upsection 
with relatively little deformation of the sandstones at 
the top of the formation. Sand and silt were transported 
by turbidity currents into the deep-sea environment. The 
sandstones were derived from a felsic to andesitic 
Ordovician-Silurian arc and have undergone several stages 
of diagenetic alteration. Data presented here, along 
with previous work, support the hypothesis that the 
Devonian Gazelle Formation was deposited either in a 
retroarc successor basin or a trench slope basin.
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Measured Stratigraphic Section 1
79
F •  •  t
S W 1 / 4 ,  N E 1 / 4 ,  S W 1 / 4 ,  S e c t i o n  3 4
T 4 2 N . R 7 W , 5 2 8 0 '  c o n t o u r
6 0 &:
C B 4 7 a
C B 4 6
Fining upward sandstone, the basal conglomerate 
contains mudstone intraclasts 1-10 cm in size, 
commonly lineated, the unit grades normally into 
fine-grained green structureless sandstone and 
siltstone, unit is thickly bedded (3f) and becomes 
thinly bedded upward, beds are intercalated with 
very thin (cm scale) shale beds, flame structures and 
convolute laminations are common in the siltstone 
component, the unit weathers dark red and forms 
prominent cliffs.
Siliceous mudstone, black toxlark green on fresh 
surfaces, structureless, nonbedded, highly fractured, 
moderately resistant.
Shale, mud-rich, black, fractured into pencil float, 
contains rust colored carbonate concretions 1’ in 
diameter, concretions are dark gray on fresh 
surfaces and exhibit faint laminations.
Shale interbedded with siltstone and chert, all units 
are thinly bedded (1’) and contain intercalated 
shale, siltstone is light green and structureless, shale 
is brown, silty, and thinly bedded (1-6" thick).
Shale, mud-rich, black, fractured into pencil float, 
contains thinly laminated chert beds 6” thick, highly 
deformed with tight folds and high-angle reverse 
faults.
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Appencfix A
Measured Siratigraphic Section 1 Continued
1 4 0
1 3 0
1 2 0
1 1 0
1 0 0
C B 7 0
Tripartite fining upward sandstone, medium-grained 
at the base and gradually fining to siltstone at the 
top, green on fresh surfaces, poorly sorted, thickly 
bedded at the base (3’) and becoming more thinly 
bedded upward, beds are intercalated with very thin 
shale intervals, medium- and fine-grained sandstone 
is structureless, siltstone exhibits flame structures, 
convolute laminae, and thin regular laminae, the 
unit weathers dark red and forms prominent cliffs.
Shale, mud-rich, black, fractured into pencil float, 
contains black thinly laminated chert bed (6*), 
contains rust colored carbonate concretions, 1’ in 
diameter, concretions are dark gray on fresh 
surfaces and exhibit faint thin laminations.
F <
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4 i
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osured Stratigraphic Section 2 gi
1 / 4 ,  N E 1 / 4 ,  S W 1 / 4 ,  S e c t i o n  3 ,
T 4 2 N ,  R 7 W , 5 0 0 0 '  c o n t o u r
Shale, mud-rich, black, fractured into pencil float, 
nonbedded.
Fining upward sandstone, flne-grained at the base, 
very-fine grained upward, structureless, thickly 
bedded, poorly sorted, green on fresh surfaces, 
moderately resistant.
Shale, mud-rich, black, fractured in pencils, 
contains rust-colored carbonate concretions.
Siliceous mudstone, black to dark green on fresh 
surfaces, structureless, non-bedded, forms rounded, 
moderately resistant outcrop.
Shale, mud-rich, black, fractured into pencil float, 
contains black thinly laminated chert beds 6" thick, 
contains rust colored carbonate concretions, dark 
gray on fresh surfaces, faint thin laminations.
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8
7
6
5
4
3
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Appendix A
Measured Stratigraphic Section 2 continued
C B-3 2
C B-7 2 
C B-1 1
C B-2 9 
S S M  c  B-2 5 b
i i l H  c  B-2 3:: ::
IHillliiM C B-2 6 
I 1 B « \  C B-2 8 
c  B-2 2
Fining upward sandstone, fine-grained structureless 
sandstone grading normally into very fine- grained 
sandstone and siltstone, unit is thickly bedded at the 
base (2’) and becomes more thinly bedded upward, 
beds are intercalated with shale, sandstones are 
poorly sorted and light green on fresh surfaces, 
complex convolute laminations are common in the 
siltstone component, unit weathers dark red and 
forms prominent cliffs.
Shale, mud-rich, black, fractured into pencil float.
Tripartite fining upward sandstone, medium-grained 
at the base and gradually fining to siltstone, green 
on fresh surfaces, poorly sorted. Unit is thickly 
bedded at the base (3’) and becomes thinly bedded 
upward, beds are intercalated with very thin shale 
intervals (cm' scale), flame structures and convolute 
laminations are common in the siltstone component, 
unit weathers dark red and forms prominent cliffs.
Siliceous mudstone, black to dark green on fresh 
surfaces, structureless, nonbedded, nonresistant, 
highly fractured with randomly oriented fractures.
C B-2 0
Shale interbedded with siltstone and very fine­
grained sandstone, siltstone and sandstone units are 
thinly bedded (1’) and contain intercalated shale, 
sandstone is green, poorly sorted, and structureless, 
siltstone is light green and structureless, shale is 
black, silty, and thinly bedded (1-12").
Appendix A
Measured Stratigraphic Section 3
N W 1 / 4 ,  N E 1 / 4 ,  N E 1 / 4 ,  S e c t i o n  5
F e e t  T 4 2 N , R 7 W , 4 7 6 0 '  c o n t o u r
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1
9 0-
2 O
Fining upward sandstone, fine-grained sandstone at 
the base is structureless, thickly bedded (2’), very 
fine-grained sandstone and siltstone is more thinly 
bedded and commonly exhibits flame structures and 
convolute laminations, beds are intercalated with 
very thin shale intervals (cm scale), the unit 
weathers dark red and forms prominent cliffs.
Shale, mud-rich, black, fractured into pencil float, 
nonbedded.
Tripartite fining upward sandstone, medium-grained 
at the base and gradually fining to siltstone, green 
on fresh surfaces, poorly sorted, thickly bedded at 
the base (3’) and becomes more thinly bedded 
upward, beds are intercalated with very thin 
intervals of shale, flame structures and convolute 
laminae are common in the siltstone component, 
fine-grained sandstone is structureless, the unit 
weathers dark red and forms prominent cliffs.
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Measured Stratigraphic Section 3  continued
2 0 0,_
1 9 0
1 8 0
1 7 0-
1 6 0
1 5 0 . - - -
14  0-:
1 3 0-
1 2 a-
1 1
Shale, mud-rich, black, fractured into pencil float, 
nonbedded.
0 0
9 0
8 0
7 0
6 0
5 0
4 0
3 0
2 0
1 0
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Appendix A
Measured Stratigraphic Section 3 continued
Shale, mad-rich, black, fractured into pencil float, 
nonbedded.
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Appencfx A
Measured Stratigraphic Section 3  contimed
4 0 0
3 9 0
3 8 0
3 7 0
3 6 0
3 5 0
3 4 0-
3 3 0-
3 2 0
53 Shale, mud-rich, black, fractured into pencil float, 
nonbedded, contains thin beds (6") of black, thinly 
laminated chert.
3 1 0r_-
5 0
4 9
4 8
4 7
4 6
4 5
4 4
4 3
4 2
4 1 i
87
pencfix A
sasured Stratigraphic Section 3 continued
Shale, mud-rich, black, fractured into pencil float, 
nonbedded, contains one bed (3’ thick) of 
moderately resistant very fine-grained nonbedded 
sandstone.
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Measured Stratigraphic Section 3 Continued
6 0 0» _
5 9 0
5 8 0.-j±
Shale, mud-rich, black, fractured into pencil float, 
nonbedded.
5 7 0
5 6 0
5 5 0
5 4 0
5 3 0 V'V.i'yy.Hj
C B - 6  7
5 2 0 -~ -
Tripartite fining upward sandstone, medium-grained 
at the base and graduatfy fining to siltstone, green 
on fresh surfaces, poorly sorted, thickly bedded at 
the base (3’) and becomes thinly bedded upward, 
beds are intercalated with very thin (cm scale) 
intervals of shale, flame structures and convolute 
laminae are common in the siltstone component, 
medium- and fine-grained sandstone is structureless. 
Overall the unit weathers dark red and forms 
prominent cliffs.
Shale, mud-rich, black, fractured into pencil float, 
nonbedded.
5 1 0-_-
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Measured Stratigraphic Section 3 Continued
7 o or-
6 9 0
6 8 0
6 7 0
6 6 0
6 5 0
6 4 0
6 3 0
6 2 0
6 1 0
Inferred shale, mud-rich, black, fractured into pencil 
float, nonbedded, covered with float and vegetation.
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F e
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Measured Stratigraphic Section 4 90
I /  4 , S W 1 / 4 ,  N W 1 / 4 ,  S e c t i o n  4 ,
T 4 2 N , R 7 W , 5 0 0 0 '  c o n t o u r
m
Tripartite fining upward sandstone, medium-grained 
at the base and gradually fining to siltstone, green 
on fresh surfaces, poorly sorted, thickly bedded at 
the base (3’) and becomes more thinly bedded 
upward, beds are intercalated with very thin 
intervals of shale, medium- and fine-grained 
sandstone is structureless, siltstone commonly 
exhibits flame structures and convolute laminations.
Shale, mud-rich, black, fractured into pencil float, 
nonbedded
Tripartite fining upward sandstone, medium-grained 
at the base and gradually fining to siltstone, green 
on fresh surfaces, poorly sorted, thickly bedded (3’) 
at the base and becomes more thinly bedded 
upward, beds are intercalated with very thin (cm 
scale) shale intervals, medium- and fine-grained 
sandstones are structureless, siltstones exhibit flame 
structures and convolute laminae. Overall the units 
weathers dark red and forms prominent cliffs.
Siliceous mudstone, Mack to dark green, 
structureless, nonbedded, highly fractured with 
randomly oriented fractures, moderately resistant.
2 0
1 9
1 8
1 7 (
1 6 (
1 5 C
1 4 C
1 3 0
1 2 C
1 1 0
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\ppencfix A
Measured Stratigraphic Section 4 Continued
Inferred shale, mud-rich, black, fractured into pencil 
float, nonresistant, contains thin beds of gray chert, 
unit covered with float and vegetation.
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Measured Stratigraphic Section 4 Contvmed
3 0 0
2 9 0
2 8 a
2 7 0
2 6 0
2 5 0
2 4 0
2 3 0
2 2 0
2 1 0
Siliceous mudstone, black to dark green, 
structureless, nonbedded, forms rounded, 
moderately resistant outcrop.
Inferred shale, mud-rich, black, fractured into pencil 
float, nonresistant, covered with float and 
vegetation.
4 0
3 9
3 8 (
3 7 (
3 6 0
3 5 C
3 4 0
3 3 0
3 2 0
3 1 0
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pendix A
sasured Stratigraphic Section 4  continued
Inferred shale, mud-rieh, black, fractured into pencil 
float, nonresistant, covered with float and 
vegetation.
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Measured Stratigraphic Section 4 Continued
5 0 0
4 9 0
4 8 0
4 7 0
4 6 0
4 5 0
4 4 0-
4 3 0
4 2 0
4 1 a
rrrrr.
. . . . . . . . . . . . . . . . . .
Tripartite fining upward sandstone, medium-grained 
at the base and gradually fining to siltstone, green 
on fresh surfaces, poorly sorted, thickly bedded at 
the base (3’) and becomes more thinly bedded 
upward, beds are intercalated with very thin 
intervals of shale, flame structures and convolute 
laminae are common in the siltstone component, 
medium- and fine-grained sandstones are 
structureless. Overall unit weathers dark red and 
forms prominent cliffs.
Inferred shale, mud-rich, black, fractured into pencil 
float, nonresistant, covered with float and 
vegetation.
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Measured Stratigraphic Section 4 contixied
6 0 0^-
5 9 0-
5 8 0
5 7 0
5 6 0
5 5 0
5 4 0-
Inferred shale, mud-rich, black, fractured into pencil 
float, nonresistant, covered with float and 
vegetation.
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Measured Stratigraphic Section 4  continued
7 0 Of-—j
6 9 0
6 8 0
6 7 O l-_
6 6 0 in:
6 5 0
6 4 0
6 3 0
6 2 0
6 1 0
Shale, mud-rich, black, fractured into pencil float, 
nonbedded.
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Measured Stratigraphic Section 4  continued
8 O Ob
7 9 0
7 8 0
7 7 0
7 6 0
7 5 0
7 4 0
7 3 0
7 2 0
7 1 0
w
Inferred shale, mud-rich, black, fractured into pencil 
float, nonresistant, covered with float and 
vegetation.
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Measured Stratigraphic Section 4  continued
4
3
8 2
8 1
C B 1 3 Tripartite fining upward sandstone, medium-grained
at the base and gradually fining to siltstone, green 
on fresh surfaces, poorly sorted, thickly bedded at 
the base (3’) and becomes more thinly bedded 
C B 1 4 upward, beds are intercalated with very thin
intervals of shale, flame structures and convolute 
laminae are common in the siltstone component,
F i
0
9
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\ppencfix A 99
Measured Stratigraphic Section 5
s l E 1 / 4 ,  N E 1 / 4 ,  N E 1 / 4 ,  S e c t i o n  3 3 ,
t T 4 2 N ,  R 7 W , 5 0 8 0 '  c o n t o u r
C B 1 7
Inferred shale, mud-rich, black, fractured into pencil 
float, nonresistant, contains thin bed of gray chert, 
covered with float and vegetation.
C B 1 6
Tripartite fining upward sandstone, medium-grained 
at the base and gradually fining to siltstone, green 
on fresh surfaces, poorly sorted, thickly bedded at 
the base (3’) and becomes more thinly bedded 
upward, beds are intercalated with very thin 
intervals of shale, flame structures and convolute 
laminae are common in the siltstone component, 
medium- and fine-grained sandstones are 
structureless. Overall unit weathers dark red and 
forms prominent cliffs.
2 0
1 9
1 8
1 7
1 6
1 5
1 4
1 3
1 2
1 1
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sncfix A
asured Stratigraphic Section 5 Continued
Inferred shale, mud-rich, black, fractured into pencil 
float, nonresistant, contains thin bed of gray chert, 
contains carbonate concretions, rust colored, dark 
B 5 6 gray on fresh surfaces, up to 1’ diameter, shale
interval covered with float and vegetation.
Tripartite fining upward sandstone, medium-grained 
at the base and gradually fining to siltstone, green 
on fresh surfaces, poorly sorted, thickly bedded at 
the base (3’) and becomes more thinly bedded 
upward, beds are intercalated with very thin 
intervals of shale, flame structures and convolute 
laminae are common in the siltstone component, 
medium- and fine-grained sandstones are 
structureless. Overall unit weathers dark red and 
forms prominent cliffs.
o a
9 0
8 0
7 0
6 0
5 0
4 0
3 0
2 0,
1 0
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Measured Stratigraphic Section 5  continued
Shale, mud-rich, black, fractured into pencil float, 
nonbedded, contains thin bed of light gray 
nonlaminated chert.
C B 5 5 b
Siliceous mudstone, black to dark green, 
structureless, nonbedded, forms rounded, highly 
resistant cliffs, contains decimeter scale fine-grained 
green sandstone intervals.
C B 5 4
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Measured Stratigraphic Section 5 Continued
4 0 0-,-
3 9 0
3 8 0
3 7 0
3 6 0
3 5 0
3 4 0
3 3 0
3 2 0
3 1 0
Inferred shale, mud-rich, black, fractured into pencil 
float, nonbedded, heavy float cover.
00
0
0
0
0
0
0
0
0
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Measured Stratigraphic Section 5  continued
Siliceous mudstone, black to dark green, 
structureless, nonbedded, forms rounded 
moderately resistant outcrop highly fractured with 
randomly oriented fractures.
Shale, mud-rich, black, fractured into pencil float, 
nonbedded.
:::::::::::::
Fining upward sandstone, grades normally into 
medium- and fine-grained green sandstone and 
siltstone, unit is thickly bedded at the base and 
becomes more thinly bedded upward, beds are 
intercalated with very thin shale intervals, medium- 
and fine-grained sandstones are structureless, 
siltstone component exhibits flame structures and 
convolute laminations. Overall unit weathers dark 
red and forms prominent cliffs.
i l l ! ! -
Appendix A
Measured Stratigraphic Section 6
S E 1 / 4 ,  S E 1 / 4 ,  S W 1 / 4 ,  S e c t i o n  5
T 4 2 N ,  R 7 W , 4 7 6 0 '  c o n t o u rF e e t
9 0
8 0
7 0
6 0
5 0
4 0
3 0
2  0
: : : : : : : : : : :
rrrrr:
Tripartite fining upward sandstone, medium-grained 
at the base and gradually fining to siltstone, green 
on fresh surfaces, poorly sorted, thickly bedded at 
the base (3’) and becomes more thinly bedded 
upward, beds are intercalated with very thin 
intervals of shale, flame structures and convolute 
laminae are common in the siltstone component, 
medium- and fine-grained sandstones are 
structureless. Overall unit weathers dark red and 
forms prominent cliffs.
Inferred shale, mud-rich, black, fractured into pencil 
float, nonresistant, covered with float and 
vegetation.
Tripartite fining upward sandstone, medium-grained 
at the base and gradually fining to siltstone, green 
on fresh surfaces, poorly sorted, thickly bedded at 
the base (3’) and becomes more thinly bedded 
upward, beds are intercalated with very thin 
intervals of shale, flame structures and convolute 
laminae are common in the siltstone component, 
medium- and fine-grained sandstones are 
structureless. Overall unit weathers dark red and 
forms prominent cliffs.
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Measured Stratigraphic Section 6  continued
1 5 0
1 4 0
1 3 0
1 2 0
1 1 0
1 0 0
Inferred shale, mud-rich, black, fractured into pencil 
float, nonresistant, covered with float and 
vegetation.
F e e t
Appendix A
Measured Stratigraphic Section 7
N W 1 / 4 ,  S E 1 / 4 ,  N W 1 / 4 ,  S e c t i o n
T 4 2 N , R 7 W , 5 4 0 0 '  c o n t o u r
9 0 •
8 0-
7 0i
C B-3 5
6 0
5 0 “
4 0-
3 0
C B-3 3
2 0
1 O-ies
V.V.V.'v'/I
C B-7 1
ZJ C B-4 2
Siliceous mudstone, black to dark green, 
structureless, nonbedded, forms rounded, 
moderately resistant outcrop.
Inferred shale, mud-rich, black, fractured into pencil 
float, nonresistant, contains thin bed of gray chert, 
covered with float and vegetation.
Tripartite fining upward sandstone, medium-grained 
at the base and-gradually fining to siltstone, green on 
fresh surfaces, poorly sorted, thickly bedded at the 
base (3’) and becomes more thinly bedded upward, 
beds are intercalated with very thin intervals of shale, 
flame structures and convolute laminae are common 
in the siltstone component, medium- and fine­
grained sandstones are structureless. Overall unit 
weathers dark red and forms prominent cliffs.
Inferred shale, mud-rich, black, fractured into pencil 
float, nonresistant, contains thin bed of gray chert, 
covered with float and vegetation.
Tripartite fining upward sandstone, medium-grained 
at the base and gradually fining to siltstone, green on 
fresh surfaces, poorly sorted, thickly bedded at the 
base (3’) and becomes more thinly bedded upward, 
beds are intercalated with very thin intervals of shale, 
flame structures and convolute laminae are common 
in the siltstone component, medium- and fine­
grained sandstones are structureless. Overall unit 
weathers dark red and forms prominent cliffs.
Shale interbedded with siltstone and very fine­
grained sandstone, siltstone and sandstone units are 
thinly bedded (1’) and contain intercalated shale (cm 
scale), sandstone is green, poorly sorted, and 
structureless, siltstone is light green and 
structureless, shale is brown, silty, and thinly bedded 
( 1-6").
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Appendix B
Unit: Gazelle Date: 3/3/90
Sample: CB-1 Analyst: CB
Total pts. 544 Framework pts. 417
Counts Percent Counts Percent
Qm 77 18.47 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
plagioclase 104 24.94 matrix 29 6.95
mica 0 0.00 cement 87 20.86
heavy min 11 2.64 indeterminate 0 0.00
Lithic count #  pts. 236
Lithic Grain Type Counts % Lt
1) see above 0.00
2) see above 0.00
3) see above 0.00
4) see above 0.00
5) 6 2.54
6) 0 0.00
7) 2 0.85
8) 17 7.20
9) 2 0.85
10) 0 0.00
11) 180 76.27
12) 29 12.29
13) 0.00
14) 0.00
15) 0.00
Counts %Lt w/oLc Counts %Lt w/Lc
Qp= 0 0.00 0.00
Lv= 230 97.46 97.46
Lm = 0 0.00 0.00
Ls = 6 2.54 2.54
Lc= 0 0.00
QFL QmFLt QmPK QpLvLs LmLvLs
%Q 18.47 %Qm 18.47 %Qm 42.54 %Qp 0.00 %Lm 0.00
%F 24.94 %F 24.94 %P 57.46 %Lv 97.46 %Lv 97.46
%L 56.59 %Lt 56.59 %K 0.00 %Ls 2.54 %Ls 2.54
P/F 1.00 Qp/Q = 0.00
Appendix B continued
Unit:
Sample:
Gazelle
CB-2
Date:
Analyst:
3/3/90
CB
108
Total pts. 544
Counts Percent
Qm 60 13.16
K-feldspar 0 0.00
plagioclase 175 38.38
mica 0 0.00
heavy min 15 3.29
Lithic count #  pts. 221
Framework pts. 456
Counts Percent
carb intra 0 0.00
sili intra 0 0.00
matrix 22 4.82
cement 51 11.18
indeterminate 0 0.00
Lithic Grain Type Counts % Lt
1) see above 0.00
2) see above 0.00
3) see above 0 0.00
4) see above 0.00
5) 2 0.90
6) 0 0.00
7) 1 0.45
8) 42 19.00
9) 13 5.88
10) 0 0.00
11) 112 50.68
12) 50 22.62
13) 0.00
14) 0.00
15) 0.00
Counts %Lt w/oLc Counts %Lt w/Lc
Qp = 1 0.45 0.45
Lv= 218 98.64 98.64
Lm = 0 0.00 0.00
Ls= 2 0.90 0.90
Lc = 0
QFL QmFLt QmPK
0.00
QpLvLs
LmLvLs
0.00
%Q 13.38 %Qm 13.16 %Qm 25.53 %Qp 0.45 %Lm 99.09
%F 38.38 %F 38.38 %P 74.47 %Lv 98.64 %Lv 0.91
%L 48.25 %Lt 48.46 %K 0.00 %Ls 0.90 %Ls
1.00 Q p/Q = 0.02
Appendix B continued
Unit:
109
Sample:
Gazelle
CB-3
Total pts.
Date: 10/9/90
Analyst: CB
555 Framework pts. 467
Counts Percent Counts Percent
Qm 64 13.70 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
plagioclase 128 27.41 matrix 18 3.85
mica 0 0.00 cement 62 13.28
heavy min 9 1.93 indeterminate 0 0.00
Lithic count #  pts. 275 
Lithic Grain Type Counts % Lt
1) see above 0.00
2) see above 0.00
3) see above 0.00
4) see above 0.00
5) 3 1.09
6) 3 1.09
7) 5 1.82
8) 30 10.91
9) 8 2.91
10) 0 0.00
11) 151 54.91
12) 73 26.55
13) 0.00
14) 0.00
15) 0.00
Counts %Lt w/oLc Counts %Lt w/Lc
2 0.73 0.73
267 97.09 97.09
0 0.00 0.00
6 2.18 2.18
0 0.00
LmLvLs
QFL QmFLt QmPK QpLvLs 0.00
%Q 14.13 %Qm 13.70 %Qm 33.33 %Qp 0.73 %Lm 97.80
%F 27.41 %F 27.41 %P 66.67 %Lv 97.09 %Lv 2.20
%L 58.46 %Lt 58.89 %K 0.00 %Ls 2.18 %Ls
P/F= 1.00 Qp/Q= 0.03
Appendix B continued
Unit: Gazelle Date: 10/9/90
Sample: CB-11 Analyst: CB
Total pts. 564 Framework pts. 466
Counts Percent Counts Percent
Qm 48 10.30 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
plagioclase 128 27.47 matrix 24 5.15
mica 0 0.00 cement 64 13.73
heavy min 10 2.15 indeterminate 0 0.00
Lithic count #  pts. 290
Lithic Grain Type Counts % Lt
1) see above 0.00
2) see above 0.00
3) see above 0.00
4) see above 0.00
5) 26 8.97
6) 6 2.07
7) 13 4.48
8) 21 7.24
9) 8 2.76
10) 0 0.00
11) 132 45.52
12) 74 25.52
13) 0.00
14) 0.00
15) 0.00
Counts %Ltw/oLc Counts %Ltw/Lc
Qp= 10 3.45 3.45
Lv= 248 85.52 85.52
Lm= 0 0.00 0.00
Ls= 32 11.03 11.03
Lc= 0 0.00
QFL QmFLt QmPK QpLvLs LmLvLs
%Q 12.45 %Qm 10.30 %Qm 27.27 %Qp 3.45 %Lm 0.00
%F 27.47 %F 27.47 %P 72.73 %Lv 85.52 %Lv 88.57
%L 60.09 %Lt 62.23 %K 0.00 %Ls 11.03 %Ls 11.43
P /F= 1.00 Q p/Q = 0.17
Appendix B continued
111
Unit: Gazelle Date: 10/9/90
Sample: CB-20 Analyst: CB
Total pts. 557 Framework pts. 481
Counts Percent Counts Percent
Qm
K-feldspar
plagioclase
mica
heavy min
48
0
147
0
9
9.98
0.00
30.56
0.00
1.87
carb intra 
siii intra 
matrix 
cement 
indeterminate
0
0
20
52
0
0.00
0.00
4.16
10.81
0.00
Lithic count #  pts. 286
Lithic Grain Type Counts % Lt
1) see above 0.00
2) see above 0.00
3) see above 0 0.00
4) see above 0.00
5) 12 4.20
6) 8 2.80
7) 6 2.10
8) 45 15.73
9) 14 4.90
10) 0 0.00
11) 150 52.45
12) 46 16.08
13) 0.00
14) 0.00
15) 0.00
Counts %Lt w/oLc Counts %Lt w/Lc
Qp= 5 1.75 1.75
Lv= 261 91.26 91.26
Lm = 0 0.00 0.00
Ls = 20 6.99 6.99
Lc= 0 0.00
QFL QmFLt QmPK QpLvLs
%Q 11.02 %Qm 9.98 %Qm 24.62 %Qp 1.75 %Lm
%F 30.56 %F 30.56 %P 75.38 %Lv 91.26 %Lv
%L 58.42 %Lt 59.46 %K 0.00 %Ls 6.99 %Ls
LmLvLs
0.00
92.88
7.12
P/F= 1.00 Q p/Q= 0.09
Appendix B continued
Unit: Gazelle Date: 3/2/90
Sample: CB-22 Analyst: CB
Total pts. 540 Framework pts. 462
Counts Percent Counts Percent
Qm 68 14.72 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
plagioclase 142 30.74 matrix 27 5.84
mica 0 0.00 cement 45 9.74
heavy min 6 1.30 indeterminate 0 0.00
Lithic count #  pts. 252
Lithic Grain Type Counts % Lt
1) see above 0.00
2) see above 0.00
3) see above 0 0.00
4) see above 0.00
5) 9 3.57
6) 2 0.79
7) 6 2.38
8) 50 19.84
9) 13 5.16
10) 0 0.00
11) 168 66.67
12) 4 1.59
13) 0.00
14) 0.00
15) 0.00
Counts %Lt w/oLc Counts %Lt w/Lc
Qp = 0 0.00 0.00
Lv= 241 95.63 95.63
Lm = 0 0.00 0.00
Ls = 11 4.37 4.37
Lc = 0 0.00
LmLvLs
QFL QmFLt QmPK QpLvLs 0.00
%Q 14.72 %Qm 13.60 %Qm 32.38 %Qp 0.00 %Lm 95.63
%F 30.74 %F 30.74 %P 67.62 %Lv 95.63 %Lv 4.37
%L 54.55 %Lt 54.55 %K 0.00 %Ls 4.37 %Ls
P/F= 1.00 Q p/Q= 0.00
Appendix B continued
Unit: Gazelle Date: 3/3/90
Sample: CB-23 Analyst: CB
Total pts. 549 Framework pts. 458
Counts Percent Counts Percent
Qm 58 12.66 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
plagioclase 146 31.88 matrix 35 7.64
mica 0 0.00 cement 47 10.26
heavy min 9 1.97 indeterminate 0 0.00
Lithic count #  pts. 254
Lithic Grain Type Counts % Lt
1) see above 0.00
2) see above 0.00
3) see above 0 0.00
4) see above 0.00
5) 16 6.30
6) 0 0.00
7) 2 0.79
8) 29 11.42
9) 4 1.57
10) 0 0.00
11) 179 70.47
12) 23 9.06
13) 0.00
14) 0.00
15) 0.00
Counts %Lt w/oLc Counts %Lt w/Lc
1 0.39 0.39
237 93.31 93.31
0 0.00 0.00
16 6.30 6.30
0 0.00
LmLvLs
QFL QmFLt QmPK QpLvLs 0.00
%Q 12.88 %Qm 12.66 %Qm 28.43 %Qp 0.39 %Lm 93.68
%F 31.88 %F 31.88 %P 71.57 %Lv 93.31 %Lv 6.32
%L 55.24 %Lt 55.46 %K 0.00 %Ls 6.30 %Ls
P/F= 1.00 Q p/Q = 0.02
Appendix B continued
Unit:
Sample:
Gazelle
CB-25b
Date:
Analyst:
2/3/90
CB
114
Total pts. 531 Framework pts. 455
Counts Percent Counts Percent
Qm 58 12.75 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
plagioclase 161 35.38 matrix 14 3.08
mica 0 0.00 cement 54 11.87
heavy min 8 1.76 indeterminate 0 0.00
Lithic count #  pts. 236
Lithic Grain Type Counts % Lt
1) see above 0.00
2) see above 0.00
3) see above 0 0.00
4) see above 0.00
5) 3 1.27
6) 1 0.42
7) 0 0.00
8) 57 24.15
9) 0 0.00
10) 0 0.00
11) 162 68.64
12) 9 3.81
13) 0.00
14) 0.00
15) 0.00
Counts %Lt w/oLc Counts %Lt w/Lc
Qp= 4 1.69 1.69
Lv= 228 96.61 96.61
Lm = 0 0.00 0.00
Ls = 4 1.69 1.69
Lc = 0 0.00
LmLvLs
QFL QmFLt QmPK QpLvLs 0.00
%Q 13.63 %Qm 12.75 %Qm 26.48 %Qp 1.69 %Lm 98.28
%F 35.38 %F 35.38 %P 73.52 %Lv 96.61 %Lv 1.72
%L 50.99 %Lt 51.87 %K 0.00 %Ls 1.69 %Ls
P/F= 1.00 Qp/Q = 0.06
Appendix B continued
Unit: Gazelle Date: 2/27/90
Sample: CB-26 Analyst: CB
Total pts. 541 Framework pts. 447
Counts Percent Counts Percent
Qm 65 14.54 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
plagioclase 137 30.65 matrix 25 5.59
mica 0 0.00 cement 60 13.42
heavy min 9 2.01 indeterminate 0 0.00
Lithic count #  pts. 245
Lithic Grain Type Counts % Lt
1) see above 0 0.00
2) see above 0 0.00
3) see above 0 0.00
4) see above 0 0.00
5) 7 2.86
6) 3 1.22
7) 2 0.82
8) 50 20.41
9) 14 5.71
10) 0 0.00
11) 156 63.67
12) 13 5.31
13) 0.00
14) 0.00
15) 0.00
Counts %Lt w/oLc Counts %Lt w/Lc
Qp = 0 0.00 0.00
Lv= 235 95.92 95.92
Lm= 0 0.00 0.00
Ls = 10 4.08 4.08
Lc = 0 0.00
LmLvLs
QFL QmFLt QmPK QpLvLs 0.00
%Q 14.54 %Qm 14.54 %Qm 32.18 %Qp 0.00 %Lm 95.92
%F 30.65 %F 30.65 %P 67.82 %Lv 95.92 %Lv 4.08
%L 54.81 %Lt 54.81 %K 0.00 %Ls 4.08 %Ls
P/F= 1.00 Q p/Q = 0.00
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Appendix B continued
Unit:
Sample: 
Total pts
Gazelle
CB-28
Qm
K-feldspar 
plagioclase 
mica
heavy min 
Lithic count #  pts. 299
Date:
Analyst:
3/2/90
CB
539 Framework pts. 433
Counts Percent Counts
60 13.86 carb intra 0
0 0.00 sili intra 0
141 32.56 matrix 23
0 0.00 cement 74
9 2.08 indeterminate 0
Lithic Grain Type Counts % Lt
1) see above 0.00
2) see above 0.00
3) see above 0.00
4) see above 0.00
5) 17 5.69
6) 1 0.33
7) 1 0.33
8) 44 14.72
9) 3 1.00
10) 0 0.00
11) 176 58.86
12) 8 2.68
13) 0.00
14) 0.00
15) 0.00
Percent
0.00
0.00
5.31
17.09
0.00
Counts %Lt w/oLc Counts %Lt w/Lc
Qp= 0 0.00 0.00
Lv= 214 71.57 71.57
Lm= 0 0.00 0.00
Ls= 18 6.02 6.02
Lc= 0 0.00
LmLvLs
QFL QmFLt QmPK QpLvLs 0.00
%Q 13.86 %Qm 13.86 %Qm 29.85 %Qp 0.00 %Lm 92.24
%F 32.56 %F 32.56 %P 70.15 %Lv 92.24 %Lv 7.76
%L 53.58 %Lt 53.58 %K 0.00 %Ls 7.76 %Ls
P/F= 1.00 Qp/Q = 0.00
Appendix B continued
Unit:
Sample:
Gazelle
CB-29
Date:
Analyst:
3/2/90
CB
1 1 7
Total pts. 545 Framework pts. 412
Counts Percent Counts Percent
Qm 53 12.86 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
ptagioclase 87 21.12 matrix 31 7.52
mica 0 0.00 cement 97 23.54
heavy min 5 1.21 indeterminate 0 0.00
Lithic count #  pts. 272 
Lithic Grain Type Counts % Lt
1) see above 0.00
2) see above 0.00
3) see above 0.00
4) see above 0.00
5) 9 3.31
6) 3 1.10
7) 1 0.37
8) 77 28.31
9) 7 2.57
10) 0 0.00
11) 166 61.03
12) 8 2.94
13) 0.00
14) 0.00
15) 0.00
Counts %Lt w/oLc
1 0.37
259 95.22
0 0.00
12 4.41
0
QFL QmFLt
%Q 13.11 %Qm 12.86 %Qm
%F 21.12 %F 21.12 %P
%L 65.78 %Lt 66.02 %K
Counts %Lt w/Lc 
0.37 
95.22 
0.00 
4.41 
0.00
LmLvLs
QmPK QpLvLs 0.00
37.86 %Qp 0.37 %Lm 95.57
62.14 %Lv 95.22 %Lv 4.43
0.00 %Ls 4.41 %Ls
P /F= 1.00 Q p/Q = 0.02
Appendix B continued
Unit:
118
Gazelle
Sample: 
Total pts.
CB-32
Qm
K-feldspar 
plagioclase 
mica
heavy min 
Lithic count #  pts.
Date:
Analyst:
2/21/90
CB
523 Framework pts. 407
Counts Percent Counts
54 13.27 carb intra 0
0 0.00 sili intra 0
119 29.24 matrix 20
0 0.00 cement 94
1 0.25 indeterminate 0
Percent
0.00
0.00
4.91
23.10
0.00
234
Lithic Grain Type Counts % Lt
1) see above 0.00
2) see above 0.00
3) see above 0.00
4) see above 0.00
5) 1 0.43
6) 0 0.00
7) 0 0.00
8) 34 14.53
9) 10 4.27
10) 0 0.00
11) 162 69.23
12) 27 11.54
13) 0.00
14) 0.00
15) 0.00
Counts %Lt w/oLc Counts %Lt w/Lc
Qp= 0 0.00 0.00
Lv= 233 99.57 99.57
Lm = 0 0.00 0.00
Ls = 1 0.43 0.43
Lc = 0 0.00
LmLvLs
QFL QmFLt QmPK QpLvLs 0.00
%Q 13.27 %Qm 13.27 %Qm 31.21 %Qp 0.00 %Lm 99.57
%F 29.24 %F 29.24 %P 68.79 %Lv 99.57 %Lv 0.43
%L 57.49 %Lt 57.49 %K 0.00 %Ls 0.43 %Ls
P/F= 1.00 Qp/Q= 0.00
Appendix B continued
Unit: Gazelle Date: 2/25/90
Sample: CB-33 Analyst: CB
Total pts. 547 Framework pts. 438
Counts Percent Counts Percent
Qm 64 14.61 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
plagioclase 161 36.76 matrix 26 5.94
mica 0 0.00 cement 72 16.44
heavy min 11 2.51 indeterminate 0 0.00
Lithic count #  pts. 213
Lithic Grain Type Counts % Lt
1) see above 0.00
2) see above 0.00
3) see above 0.00
4) see above 0.00
5) 9 4.23
6) 0 0.00
7) 7 3.29
8) 57 26.76
9) 10 4.69
10) 0 0.00
11) 97 45.54
12) 30 14.08
13) 0.00
14) 0.00
15) 0.00
Counts %Lt w/oLc Counts %Lt w/Lc
Qp = 3 1.41 1.41
Lv= 201 94.37 94.37
Lm = 0 0.00 0.00
Ls= 9 4.23 4.23
Lc = 0 0.00
LmLvLs
QFL QmFLt QmPK QpLvLs 0.00
%Q 15.30 %Qm 14.61 %Qm 28.44 %Qp 1.41 %Lm 95.71
%F 36.76 %F 36.76 %P 71.56 %Lv 94.37 %Lv 4.29
%L 47.95 %L,t 48.63 %K 0.00 %Ls 4.23 %Ls
P/F= 1.00 Qp/Q= 0.04
Appendix B continued
Unit:
120
Gazelle
Sample: 
Total pts.
CB-40
Qm
K-feldspar 
plagiociase 
mica
heavy min 
Lithic count #  pts.
Date:
Analyst:
11/5/90  
CB
575 Framework pts. 417
Counts Percent Counts
62 14.87 carb intra 0
0 0.00 sili intra 0
110 26.38 matrix 21
0 0.00 cement 131
6 1.44 indeterminate 0
Percent
0.00
0.00
5.04
31.41
0.00
245
Lithic Grain Type Counts % Lt
1) see above 0.00
2) see above 0.00
3) see above 0.00
4) see above 0.00
5) 7 2.86
6) 3 1.22
7) 4 1.63
8) 32 13.06
9) 14 5.71
10) 0 0.00
11) 145 59.18
12) 37 15.10
13) 0.00
14) 0.00
15) 0.00
Counts %Lt w/oLc Counts %Lt w/Lc
Qp= 3 1.22 1.22
Lv= 232 94.69 94.69
Lm= 0 0.00 0.00
Ls= 10 4.08 4.08
Lc= 0 0.00
LmLvLs
QFL QmFLt QmPK QpLvLs 0.00
%Q 15.59 %Qm 14.87 %Qm 36.05 %Qp 1.22 %Lm 95.87
%F 26.38 %F 26.38 %P 63.95 %Lv 94.69 %Lv 4.13
%L 58.03 %Lt 58.75 %K 0.00 %Ls 4.08 %Ls
P/F= 1.00 Qp/Q= 0.05
Appendix B continued
Unit:
121
Gazelle
Sample: 
Total pts.
CB-41
Qm
K-feldspar 
plagioclase 
mica
heavy min 
Lithic count #  pts. 210
Date:
Analyst:
11/5/90
CB
554 Framework pts. 387
Counts Percent Counts
59 15.25 carb intra 0
0 0.00 sili intra 0
118 30.49 matrix 13
0 0.00 cement 149
5 1.29 indeterminate 0
Lithic Grain Type Counts % Lt
1) see above 0.00
2) see above 0.00
3) see above 0.00
4) see above o.go
5) 1 0.48
6) 0 0.00
7) 5 2.38
8) 25 11.90
9) 3 1.43
10) 0 0.00
11) 130 61.90
12) 46 21.90
13) 0.00
14) 0.00
15) 0.00
Percent
0.00
0.00
3.36
38.50
0.00
Counts %Lt w/oLc Counts %Lt w/Lc
Qp= 0 0.00 0.00
Lv= 209 99.52 99.52
Lm = 0 0.00 0.00
Ls= 1 0.48 0.48
Lc = 0 0.00
LmLvLs
QFL QmFLt QmPK QpLvLs 0.00
%Q 15.25 %Qm 15.25 %Qm 33.33 %Qp 0.00 %Lm 99.52
%F 30.49 %F 30.49 %P 66.67 %Lv 99.52 %Lv 0.48
%L 54.26 %Lt 54.26 %K 0.00 %Ls 0.48 %Ls
1.00 Qp/Q = 0.00
122
Appendix B continued
Unit: Gazelle Date: 11/5/90
Sample: CB-47a Analyst: CB
Total pts. 568 Framework pts. 390
Counts Percent Counts Percent
Qm 33 8.46 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
plagioclase 95 24.36 matrix 16 4.10
mica 0 0.00 cement 147 37.69
heavy min 15 3.85 indeterminate 0 0.00
Lithic count #  pts. 262
Lithic Grain Type Counts % Lt
1) see above 0.00
2) see above 0.00
3) see above 0.00
4) see above 0.00
5) 18 6.87
6) 4 1.53
7) 2 0.76
8) 53 20.23
9) 6 2.29
10) 0 0.00
11) 148 56.49
12) 29 11.07
13) 0.00
14) 0.00
15) 0.00
Counts %Lt w/oLc Counts %Lt w/Lc
Qp = 2 0.76 0.76
Lv= 238 90.84 90.84
Lm = 0 0.00 0.00
Ls = 22 8.40 8.40
Lc = 0 0.00
LmLvLs
QFL QmFLt QmPK QpLvLs 0.00
%Q 8.97 %Qm 8.46 %Qm 25.78 %Qp 0.76 %Lm 91.54
%F 24.36 %F 24.36 %P 74.22 %Lv 90.84 %Lv 8.46
%L 66.67 %Lt 67.18 %K 0.00 %Ls 8.40 %Ls
P/F = 1.00 Q p/Q= 0.06
Appendix B continued
Unit:
123
Sample:
Gazelle
CB-53
Date:
Analyst:
11/2/90
CB
Total pts. 567 Framework pts. 418
Counts Percent Counts
Qm 46 11.00 carb intra 0
K-feldspar 0 0.00 sili intra 0
plagioclase 101 24.16 matrix 17
mica 0 0.00 cement 126
heavy min 6 1.44 indeterminate 0
Lithic count #  pts. 353
Lithic Grain Type Counts % Lt
1) see above 0.00
2) see above 0.00
3) see above 0.00
4) see above 0.00
5) 19 5.38
6) 2 0.57
7) 6 1.70
8) 20 5.67
9) 6 1.70
10) 0 0.00
11) 158 44.76
12) 58 16.43
13) 0.00
14) 0.00
15) 0.00
Percent
0.00
0.00
4.07
30.14
0.00
Counts %Lt w/oLc Counts %Lt w/Lc
2 0.57 0.57
248 70.25 70.25
0 0.00 0.00
21 5.95 5.95
0 0.00
LmLvLs
QFL QmFLt QmPK QpLvLs 0.00
%Q 11.48 %Qm 11.00 %Qm 31.29 %Qp 0.74 %Lm 92.19
%F 24.16 %F 24.16 %P 68.71 %Lv 91.51 %Lv 7.81
%L 64.35 %Lt 64.83 %K 0.00 %Ls 7.75 %Ls
P/F= 1.00 Qp/Q= 0.04
Appendix B continued
Unit:
Sample:
Gazelle
CB-55b
Date:
Analyst:
11/2/90
CB
1 24
Total pts. 571 Framework pts. 442
Counts Percent Counts Percent
Qm 45 10.18 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
plagioclase 134 30.32 matrix 18 4.07
mica 0 0.00 cement 102 23.08
heavy min 9 2.04 indeterminate 0 0.00
Lithic count #  pts. 263 
Lithic Grain Type Counts % Lt
1) see above 0.00
2) see above 0.00
3) see above 0.00
4) see above 0.00
5) 17 6.46
6) 3 1.14
7) 0 0.00
8) 27 10.27
9) 16 6.08
10) 0 0.00
11) 156 59.32
12) 42 15.97
13) 0.00
14) 0.00
15) 0.00
Counts %Lt w/oLc Counts %Lt w/Lc
Qp = 2 0.76 0.76
Lv= 241 91.63 91.63
Lm= 0 0.00 0.00
Ls = 20 7.60 7.60
Lc= 0 0.00
LmLvLs
QFL QmFLt QmPK QpLvLs 0.00
%Q 10.63 %Qm 10.18 %Qm 25.14 %Qp 0.76 %Lm 92.34
%F 30.32 %F 30.32 %P 74.86 %Lv 91.63 %Lv 7.66
%L 59.05 %Lt 59.50 %K 0.00 %Ls 7.60 %Ls
P/F= 1.00 Q p/Q = 0.04
Appendix B continued
Unit: I Gazelle
125
Sample: 
Total pts.
CB-63
Qm
K-feldspar 
plagioclase 
mica
heavy min 
Lithic count #  pts.
Date:
Analyst:
11/9/90
CB
606 Framework pts. 425
Counts Percent Counts
75 17.65 carb intra 0
0 0.00 sili intra 0
130 30.59 matrix 45
0 0.00 cement 125
10 2.35 indeterminate 0
Percent
0.00
0.00
10.59
29.41
0.00
220
Lithic Grain Type Counts % Lt
1) see above ■ 0.00
2) see above 0.00
3) see above 0.00
4) see above 0.00
5) 9 4.09
6) 1 0.45
7) 4 1.82
8) 24 10.91
9) 18 8.18
10) 0 0.00
11) 138 62.73
12) 24 10.91
13) 0.00
14) 0.00
15) 0.00
Counts %Lt w/oLc Counts %Lt w/Lc
Qp= 2 0.91 0.91
Lv= 208 94.55 94.55
Lm= 0 0.00 0.00
Ls= 10 4.55 4.55
Lc= 0 0.00
QFL QmFLt QmPK QpLvLs
%Q 18.12 %Qm 17.65 %Qm 36.59 %Qp 0.91 %Lm
%F 30.59 %F 30.59 %P 63.41 %Lv 94.55 %Lv
%L 51.29 %Lt 51.76 %K 0.00 %Ls 4.55 %Ls
LmLvLs
0.00
95.41
4.59
1.00 Qp/Q= 0.03
Appendix B continued
Unit:
126
Gazelle
Sample: 
Total pts.
CB-66
Qm
K-feldspar 
plagioclase 
mica
heavy min 
Lithic count #  pts.
Date: 11/9/90
Analyst: CB
588 Framework pts. 414
Counts Percent Counts
81 19.57 carb intra 0
0 0.00 sili intra 0
142 34.30 matrix 38
0 0.00 cement 130
6 1.45 indeterminate 0
Percent
0.00
0.00
9.18
31.40
0.00
191
Lithic Grain Type Counts % Lt
1) see above 0.00
2) see above 0.00
3) see above 0.00
4) see above 0.00
5) 3 1.57
6) 0 0.00
7) 5 2.62
8) 23 12.04
9) 3 1.57
10) 0 0.00
11) 128 67.02
12) 29 15.18
13) 0.00
14) 0.00
15) 0.00
Counts %Lt w/oLc Counts %Lt w/Lc
Qp = 0 0.00 0.00
Lv = 188 98.43 98.43
Lm = 0 0.00 0.00
Ls = 3 1.57 1.57
Lc= 0 0.00
LmLvLs
QFL QmFLt QmPK QpLvLs 0.00
%Q 19.57 %Qm 19.57 %Qm 36.32 %Qp 0.00 %Lm 98.43
%F 34.30 %F 34.30 %P 63.68 %Lv 98.43 %Lv 1.57
%L 46.14 %Lt 46.14 %K 0.00 %Ls 1.57 %Ls
P/F = 1.00 Qp/Q= 0.00
Appendix B continued
Unit:
Sample:
Gazelle
CB-67
Date:
Analyst:
2/28/90
CB
127
Total pts. 559 Framework pts. 397
Counts Percent Counts Percent
Qm 61 15.37 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
plagioclase 104 26.20 matrix 39 9.82
mica 0 0.00 cement 142 35.77
heavy min 11 2.77 indeterminate 0 0.00
Lithic count #  pts. 232
Lithic Grain Type Counts % Lt
1) see above 0.00
2) see above 0.00
3) see above 0.00
4) see above 0.00
5) 9 3.88
6) 1 0.43
7) 0 0.00
8) 28 12.07
9) 7 3.02
10) 0 0.00
11) 163 70.26
12) 24 10.34
13) 0.00
14) 0.00
15) 0.00
Counts %Lt w/oLc Counts %Lt w/Lc
Qp= 0 0.00 0.00
Lv= 222 95.69 95.69
Lm = 0 0.00 0.00
Ls= 10 4.31 4.31
Lc= 0
QFL QmFLt QmPK
0.00
QpLvLs
LmLvLs
0.00
%Q 12.20 %Qm 15.37 %Qm 36.97 %Qp 0.00 %Lm 95.69
%F 26.20 %F 26.20 %P 63.03 %Lv 95.69 %Lv 4.31
%L 58.44 %Lt 58.44 %K 0.00 %Ls 4.31 %Ls
P/F= 1.00 Qp/Q= 0.00
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Appendix B continued
Unit: Gazelle Date: 2/14/90
Sample: CB-71 Analyst: CB
Total pts. 513 Framework pts. 458
Counts Percent Counts Percent
Qm 52 11.35 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
plagioclase 158 34.50 matrix 28 6.11
mica 0 0.00 cement 45 9.83
heavy min 19 4.15 indeterminate 0 0.00
Lithic count #  pts. 280
Lithic Grain Type Counts % Lt
1) see above 0.00
2) see above 0.00
3) see above 0.00
4) see above 0.00
5) 3 1.07
6) 11 3.93
7) 16 5.71
8) 32 11.43
9) 8 2.86
10) 0 0.00
11) 105 37.50
12) 63 22.50
13) 0.00
14) 0.00
15) 0.00
Counts %Lt w/oLc Counts %Lt W/Lc
Qp= 2 0.71 0.71
Lv= 222 79.29 79.29
Lm= 0 0.00 0.00
Ls= 14 5.00 5.00oito_j 0.00
LmLvLs
QFL QmFLt QmPK QpLvLs 0.00
%Q 11.79 %Qm 11.35 %Qm 24.76 %Qp 0.84 %Lm 94.07
%F 34.50 %F 34.50 %P 75.24 %Lv 93.28 %Lv 5.93
%L 51.53 %Lt 51.97 %K 0.00 %Ls 5.88 %Ls
P/F= 1.00 Qp/Q= 0.04
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Appendix B continued
Unit:
Sample:
Gazelle
CB-72
Date:
Analyst:
2/26/90
CB
Total pts. 530 Framework pts. 417
Counts Percent Counts Percent
Qm 57 13.67 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
plagioclase 144 34.53 matrix 17 4.08
mica 0 0.00 cement 89 21.34
heavy min 7 1.68 indeterminate 0 0.00
Lithic count #  pts. 216
Lithic Grain Type Counts % Lt
1) see above 0 0.00
2) see above 0 0.00
3) see above 0 0.00
4) see above 0 0.00
5) 0 0.00
6) 1 0.46
7) 2 0.93
8) 24 11.11
9) 7 3.24
10) 0 0.00
11) 165 76.39
12) 16 7.41
13) 0.00
14) 0.00
15) 0.00
Counts %Lt w/oLc Counts %Lt w/Lc
Qp= 1 0.46 0.46
Lv= 214 99.07 99.07
Lm= 0 0.00 0.00
Ls= 1 0.46 0.46
Lc= 0 0.00
LmLvLs
QFL QmFLt QmPK QpLvLs 0.00
%Q 13.91 %Qm 13.67 %Qm 28.36 %Qp 0.46 %Lm 99.53
%F 34.53 %F 34.53 %P 71.64 %Lv 99.07 %Lv 0.47
%L 51.56 %Lt 51.80 %K 0.00 %Ls 0.46 %Ls
P/F= 1.00 Qp/Q = 0.02
Appendix B continued
Unit: I Gazelle
130
Sample: 
Total pts.
Qm
K-feldspar
plagioclase
mica
heavy min
CB-73
Date:
Analyst:
2/26/90
CB
534 Framework pts. 379
Counts Percent Counts
53 13.98 carb intra 0
0 0.00 sili intra 0
108 28.50 matrix 14
0 0.00 cement 125
16 4.22 indeterminate 0
Lithic count #  pts. 218 
Lithic Grain Type Counts % Lt
1) see above 0.00
2) see above 0.00
3) see above 0.00
4) see above 0.00
5) 11 5.05
6) 0 0.00
7) 3 1.38
8) 30 13.76
9) 4 1.83
10) 0 0.00
11) 143 65.60
12) 23 10.55
13) 0.00
14) 0.00
15) 0.00
Percent
0.00
0.00
3.69
32.98
0.00
Counts %Lt w/oLc Counts %Lt w/Lc
Qp= 4 1.83 1.83
Lv= 203 93.12 93.12
Lm = 0 0.00 0.00
Ls = 11 5.05 5.05
Lc = 0 0.00
LmLvLs
QFL QmFLt QmPK QpLvLs 0.00
%Q 15.04 %Qm 13.98 %Qm 32.92 %Qp 1.83 %Lm 94.86
%F 28.50 %F 28.50 %P 67.08 %Lv 93.12 %Lv 5.14
%L 56.46 %Lt 57.52 %K 0.00 %Ls 5.05 %Ls
P/F= 1.00 Q p/Q = 0.07
Appendix B continued
Unit:
131
Gazelle
Sample: 
Total pts.
CB-75
Qm
K-feldspar 
plagioclase 
mica
heavy min 
Lithic count #  pts.
Date: 3/2/90
Analyst: CB
540 Framework pts. 425
Counts Percent Counts Percent
53 12.47 carb intra 0 0.00
0 0.00 sili intra 0 0.00
121 28.47 matrix 26 6.12
0 0.00 cement 81 19.06
8 1.88 indeterminate 0 0.00
251
Lithic Grain Type Counts % Lt
1) see above 0.00
2) see above 0.00
3) see above 0.00
4) see above 0.00
5) 31 12.35
6) 1 0.40
7) 3 1.20
8) 30 11.95
9) 4 1.59
10) 0 0.00
11) 160 63.75
12) 21 8.37
13) 0.00
14) 0.00
15) 0.00
Counts %Lt w/oLc Counts %Lt w/Lc
Qp= 1 0.40 0.40
Lv= 218 86.85 86.85
Lm = 0 0.00 0.00
Ls= 32 12.75 12.75
Lc= 0 0.00
LmLvLs
QFL QmFLt QmPK QpLvLs 0.00
%Q 12.71 %Qm 12.47 %Qm 30.46 %Qp 0.40 %Lm 87.20
%F 28.47 %F 28.47 %P 69.54 %Lv 86.85 %Lv 12.80
%L 58.82 %Lt 59.06 %K 0.00 %Ls 12.75 %Ls
P/F= 1.00 Q p/Q= 0.02
132
Appendix C. Major element geochemical values of Gazelle 
sandstones.
Sample Si02 A1203 Fe203 MgO CaO Na20 K20
CB-11 78.14 10.92 3.74 0.49 0.28 5.39 0.53
CB-14 78.18 11.13 3.37 0.45 0.25 5.26 0.54
CB-16 80.24 10.63 2.48 0.31 0.25 4 .98 0.90
CB-17 77.00 12.35 2 .49 0.32 0.29 5.48 1.05
CB-28 71.84 13.12 5.40 0.85 0.60 5.86 0.25
CB-40 78.41 10.91 2.97 0.30 0.19 4.78 0.89
CB-46 70.82 13.26 4.70 1.85 0.73 4.76 1.00
CB-67 76.38 11.99 3.25 0.59 0.47 4.83 1.25
CB-75 74.55 12.72 3 .80 0.39 0.24 5.33 1.00
Sample Ti02 P205 MnO BaO LOI Total
CB-11 0.27 0.13 0. 16 0.02 0.87 100.95
CB-14 0.26 0.16 0.12 0. 02 0.97 100.70
CB-16 0. 18 0.13 0.13 0.06 0. 67 100.95
CB-17 0. 17 0.13 0.09 0.07 1.72 101.15
CB-28 0.38 0.16 0.21 0.02 2.02 100.70
CB-40 0.25 0.12 0.14 0.06 0.38 99.39
CB-46 0.35 0.13 0.14 0.10 2.33 100.15
CB-67 0.28 0.15 0.14 0.07 1.39 100.80
CB-75 0.35 0.14 0.12 0.10 1.69 99.50
Major element analyses by ICP spectrometer, Chemex 
Analytical Laboratory, Sparks, Nevada. Values are in 
weight percent.
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Appendix D continued. Ratios of selected REE elements 
Gazelle sandstones.
La/Lti* Ce/Ce* Nd/Nd * Sm/Sm* Eu/Eu * Gd/Gd* Tb/Tb* Dy/D/1 Yb/rb* Lu/lu
C8-11 39 31 19 20 13 nd 22 22 21 18
CB-13 67 37 36 19 9 nd 11 11 18 18
CB-14 18 18 13 15 9 29 16 18 23 20
CB-16 36 29 26 18 11 39 16 15 19 17
CB-17 62 32 27 16 7 17 17 10 15 15
CB-20 21 17 15 8 5 nd nd 7 12 12
CB-28 61 33 27 30 21 30 30 22 26 23
CB-35 62 32 15 16 8 23 15 12 15 15
CB-40 55 36 30 18 8 30 17 16 17 17
CB-46 66 35 20 21 16 27 17 18 17 15
CB-53 68 31 23 16 7 26 17 15 17 16
CB-54 39 28 25 18 7 11 27 9 17 16
CB-67 51 35 23 22 11 21 16 18 20 18
CB-71 36 29 22 21 19 23 26 16 20 18
CB-75 69 67 38 30 18 18 22 23 25 22
Rare-earth and trace-element analyses by instrumental 
neutron activation analysis (INAA), Phoenix Memorial 
Laboratory, University of Michigan.
*Value measured for Chondrites. Chondrite values from 
Haskin et al., (1968), Table 1, #2, p. 373.
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Description of Map Units
ALLUVIUM - Surficial deposits in present-day 
valleys
COLLUVIUM - Surficial deposits, cobbles, pebbles, 
and heavy ground cover
HYPABYSSAL GABBRO - Plagioclase groundmass 
with clinopyroxene phenocrysts
SS4 SANDSTONE - Fine-grained green lithic graywacke, 
highly resistant, weathers dark red, grades into 
siltstone and mudstone. Unit contains thick, structure­
less beds that thin upsection. Intercalated siltstone
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SANDSTONE - Fine-grained green lithic graywacke, 
highly resistant, weathers dark red, grades into 
siltstone and mudstone. Unit contains thick, structure- 
less beds that thin upsection. Intercalated siltstone 
beds exhibit convolute laminae.
SHALE - Black pencil shale; nonresistant, contains 
thinly bedded (6") chert
ss3 SANDSTONE - Fine-grained green lithic graywacke, 
highly resistant, weathers dark red, grades into 
siltstone and mudstone. Unit contains thick, 
structureless beds that thin upsection. Intercalated 
siltstone beds exhibit convolute laminae.
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sh3
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SHALE -vBlack pencil shale, nonresistant, contains 
thinly bedded (6") chert and limestone and 
dolomite concretions
SILICEOUS MUDSTONE - Black, highly resistant, 
contains decimeter-scale sand intervals
SHALE - Black pencil shale, contains thinly bedded
chert (6") and limestone and dolomite concretions
SANDSTONE - Fine-grained green lithic graywacke, 
highly resistant, weathers dark red, grades into 
siltstone and mudstone. Unit contains thick, ^ 
structureless beds that thin upsection. Intercalated 
siltstone beds exhibit convolute laminae.
SHALE - Black pencil shale with limestone concretions 
and thinly bedded chert (6")
SANDSTONE - Coarse- to fine-grained green lithic
graywacke, locally conglomeratic at the base with, 
mudstone intraclasts, highly resistant, weathers 
dark red, grades into siltstone arid mudstone. Unit 
contains thick, structureless beds that thin upsection. 
Intercalated siltstone beds exhibit convolute laminae.
SILICEOUS MUDSTONE - Black, moderately resistant, 
and highly fractured
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SANDSTONE - Fine-grained green lithic graywacke, 
highly resistant, weathers dark red, grades into 
siltstone and mudstone. Unit contains thick, structure­
less beds that thin upsection. Intercalated siltstone 
beds exhibit convolute laminae.
SHALE - Black pencil shale, nonresistant, contains 
thinly bedded (6") chert
SANDSTONE - Fine-grained green lithic graywacke, 
highly resistant, weathers dark red, grades into 
siltstone and mudstone. Unit contains thick, 
structureless beds that thin upsection. Intercalated 
siltstone beds exhibit convolute laminae.
SHALE - Black pencil shale, nonresistant, contains 
thinly bedded (6") chert and limestone and 
dolomite concretions
Ehr-jstopr-_-
SILICEOUS MUDSTONE - Black, highly resistant, 
contains decimeter-scale sand intervals
SHALE - Black pencil shale, contains thinly bedded
chert (6") and limestone and dolomite concretions
SANDSTONE - Fine-grained green lithic graywacke, 
highly resistant, weathers dark red, grades into 
siltstone and mudstone. Unit contains thick, 
structureless beds that thin upsection. Intercalated 
siltstone beds exhibit convolute laminae.
SHALE - Black pencil shale with limestone concretions 
and thinly bedded chert (6")
SANDSTONE - Coarse- to fine-grained green lithic
graywacke, locally conglomeratic at the base with 
mudstone intraclasts, highly resistant, weathers 
dark red, grades into siltstone and mudstone. Unit 
contains thick, structureless beds that thin upsection. 
Intercalated siltstone beds exhibit convolute laminae.
SILICEOUS MUDSTONE - Black, moderately resistant, 
and highly fractured
SILTSTONE - Interbedded siltstone (2’ ), chert (< 6"), 
sandstone (6"), and shale (<4")
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